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SUMMARY 


A complete  water  electrolysis  satellite  propulsion  system  was  tested  for  Ji3  weeks. 

The  system  consumed  201  pounds  of  water  and  produced  an  impulse  of  70, 001  pound - 
seconds. 

A fligbtweight  0. 1 pound  thrust  engine  (Figure  1)  and  a flightweight  five  pound  thrust 
engine  (Figure  2)  were  developed  and  tested  to  demonstrate  life  capability  aud 
performance. 

1.  SYSTEM  LIFE  TESTING 

The  water  electrolysis  propulsion  system  had  been  assembled  and  given  performance 
tests  on  a preceding  contract  (Reference  1).  The  system  consisted  of  an  electrolysis 
unit,  made  by  General  Electric  Company,  a water  storage  tank,  gaseous  hydrogen  and 
oxygen  storage  tanks,  a five-pound  thrust  heavyweight  and  a 0. 1 pound  thrust  heavy- 
weight engine. 

Tl  e propellant  supply  system  shown  in  Figure  3,  consisting  of  the  electrolysis  unit, 
ter  tank,  and  gaseous  propellant  storage  tanks,  included  a series  of  pressure 
witches  which  automatically  turned  the  electrolysis  system  off  and  on,  depending 
on  the  pressure  in  the  propellant  storage  tanks. 

An  electronic  pulser  was  designed  to  control  engine  firings  for  a prescribed  duty 
cycle  intended  to  produce,  in  10  months,  the  total  impulse  of  the  seven-year  satellite 
mission  shown  in  Table  1.  The  system  operated  around  the  clock,  seven  days  a week, 
with  additional  safety  controls  to  turn  off  the  electrolysis  unit  in  case  of  system 
malfunction. 

The  initial  electrolysis  unit  was  tested  for  19  weeks,  producing  an  impulse  of  41,000 
pound- seconds,  after  which  a failure  of  one  of  the  six  electrolysis  cells  occurred. 

The  electrolysis  unit  was  modified  by  General  Electric  Company.  The  modified  unit 
was  tested  for  14  weeks  and  produced  an  impulse  of  29,000  pound-seconds  without  any 
change  in  performance.  The  life  testing  demonstrated  the  capability  of  the  electrolysis 
system  for  long-life  operation  as  a satellite  propulsion  system. 

2.  FIVE-POUND  THRUST  ENGINE 

A flightweight  five-pound  thrust  engine  was  developed  and  life  tested  for  152,015 
pulses  and  a total  firing  time  of  4.16  hours.  A test  summary  is  given  ii  Table  2. 

The  engine  was  in  excellent  condition  after  completion  of  the  life  test  program. 

Design  changes  made  in  the  heavyweight  five-pound  engine  developed  on  the  previous 
contract  resulted  in  an  improvement  of  specific  impulse  from  345  seconds  to  355 
seconds.  The  engine  performance  is  shown  in  Figure  4. 
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Figure  4.  ISP  of  Flightweight  5 Lbf.  Engine 


NOTE: 

CF  = 1.81  E^SED  ON  CPIA  METHODS 


Figure  5.  ISP  of  Flightweight  0. 1 Lbr.  Engine 
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The  Qightweight  five- pound  engine,  shown  in  Figure  2,  consists  of  a coated  molybde- 
num combustion  chamber,  a nickel  injector  with  six  coaxial  p^emixcd  elements,  and 
24  chamber  film  cooling  orifices,  a Marquardt  bi propellant  valve  and  a modified 
Champion  FHE  spark  plug.  Several  components,  such  as  the  valve  and  mounting 
plate,  were  heavier  than  flightweight  components.  A flightwoight  igniter  made  by 
General  Ijaboratory  Associates  (GLA)  energizes  the  spark  plug.  Propellant  flow 
rates  are  controlled  by  sonic  orifices  located  downstream  of  the  bipropellant  valve. 

The  nommal  mixture  ratio  is  7.934  to  match  the  proportions  of  oxygon  and  hydrogen 
produced  by  electrolysis  of  water.  The  nominal  chtxmber  pressure  varies  from  50 
p«a  down  to  IG  psia,  corresponding  to  a range  of  propellant  tank  pressures  varying 
from  200  psia  down  to  67  psia.  The  weight  of  the  flightweight  five-poimd  thrust  engine 
was  4. 5 pounds,  excluding  the  igniter.  A completely  flightweight  engine  would  weigh 
2.9  pounds.  The  flightweight  GLA  igniter  weighs  1.71  pounds  and  the  cable  weighs 
0.17  pounds. 

3.  0, 1 POUND  THRUST  ENGINE 

Two  flightweight  0, 1 pound  thrust  engines  wore  designed  imd  tested.  One  of  the  two 
designs,  shown  in  Figure  1,  completed  a test  program  of  301,726  pulses  and  10.0" 
hours  of  hot  firing  time.  This  0.1  pound  engine  consisted  of  a coated  C-103  colum- 
bium  chamber,  a single  coaxial,  promixeu  injector  element,  a MOOG  bipropellant 
valve,  with  downstream  sonic  orifices,  and  a modified  Champion  FHE  231  spark  plug. 
A flightweight  GLA  ignitor  energized  the  spark  plug.  The  engine  operates  at  cham- 
ber pressures  from  70  psia  down  to  25  psia,  depending  on  the  propellant  supply  pres- 
sure, The  nominal  mixture  ratio  is  7. 934.  The  weight  of  the  flightweight  engine,  not 
including  igniter,  is  pi-ojected  to  bo  1. 7 pounds  using  a flightwoight  valve  and  injector. 
It  is  expected  that  one  flightwoight  ignitor,  weighing  1.7  pounds,  could  provide  spark 
energy  to  a number  of  0.1  pound  engines  on  a satellite  with  engine  selection  controls. 

The  coliunbium  chamber  suffered  a coating  failure  during  ihe  last  half  hour  of  the  10- 
hour  life  test.  The  tost  results  with  the  colicnbium  chmubei’  and  a molybdenum  cham- 
ber which  failed  after  3.  52  hours  of  hot  firings  srggost  that  the  cause  of  coating  failure 
may  be  due  to  excessively  high  energy  release  by  ho  spark  plug.  In  that  caae,  longer 
life  could  be  obtained  by  using  the  lower  spark  energy  which  was  successfully  used 
with  the  heavyweight  engine  on  the  proceeding  contract  (Rol'erenco  1). 

The  0.1  pound  thrust  engine  demonstrated  a C*  efficiency  of  82'X-,  corresponding  to 
an  Isp  of  331  seconds.  The  perl'orm;uiee  at  various  mixture  ratios  is  plot.  >d  in 
Figure  5. 

4.  IGNTTER 

A flightweight  igniter  shown  in  Figure  6 was  designed  by  GLA.  Three  identical  imits 
wore  delivered  to  Marquardt.  The  ignition  system  used  to  ignite  the  gaseous  oxygen 
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and  hydrogen  combination  in  the  combustion  chamber  of  the  5 Ibf.  and  0. 1 Ibf.  rocket 
engine  consists  of  a Champion  FHE  231A  spark  plug  with  energy  for  the  spark  dis- 
chargf'  supplied  by  a General  Labroatory  Associates  (GLA)  exciter.  The  exciter 
shown  in  Figure  6 provides  a basic  spark  rate  of  400  sparks/second  at  28  vdc.  Tlie 
energy  supplied  to  the  spark  plug  at  each  discharge  is  10  millijoules.  In  addition, 
the  spark  exciter  system  met  the  requirements  for  conducted  and  radiated  EMI  in 
accordance  with  the  limits  of  MIL-STD-461-A,  except  during  some  switchinp 
transients.  The  exciter  systems  successfully  completed  the  engine  test  firing  se- 
quences and  provided  greater  than  1, 000, 000  sparks  in  both  the  b.  0 and  0. 1 test 
programs. 


if 
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SECTION  I 


INTRODUCTION 

A water  electrolysis  satellite  propulsion  system  uses  satellite  electrical  pow  tr  and 
an  electrolysis  unit  which  slowly  separates  water  from  a storage  tank  into  hyarogen 
and  oxygen.  The  separated  gases  are  stored  in  small  tanks  for  use  by  oxygen/hydro- 
gen rocket  engines  as  needed  for  satellite  attitude  control  or  orbit  maneuvers.  The 
system  is  shown  schematically  in  Figure  7. 


Figure  7.  Electrolysis  Propulsion  ^stem 


A water  electrolysis  satellite  propulsion  system  is  especially  advantageous  for  long 
life  satellites  which  require  a large  total  impulse  to  be  supplied  over  a long  period  of 
time.  The  system  is  applicable  to  either  spin  stabilized  or  three-axis  stabilized  sat- 
ellites. Comparisons  of  propulsion  system  weights  for  a typical  seven-year  satellite 
mission  are  shown  in  Figure  8. 


Figure  8.  Comparison  of  Satellite  Propulsion  System  Weig.<ts 
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The  water  electrolysis  system  (350  lap)  is  much  lighter  than  a monopropellant  system 
(230  Isp)  for  satellites  weighing  over  1, 500  pounds,  and  is  also  lighter  than  an  earth 
storable  bipropellant  system  (300  Isp)  for  satellites  weighing  over  2,400  pounds. 

The  electrical  power  requirements  can  be  minimized  by  tailoring  the  size  of  the  water 
electrolysis  system  to  the  propulsion  requirements  of  a specific  mission.  For  exam- 
ple, all  station-keeping  and  attitude  control  of  a 2,450  pound  satellite  can  be  accom- 
plished with  less  than  20  watts  continuovis  power.  Repositioning  maneuvers  can  be 
accomplished  in  one  to  two  weeks  by  temporarily  higher  power  consumption  up  to 
235  watts. 

Some  of  the  advantages  of  a water  eleotrolysis  satellite  propulsion  system  are  as 
follows: 

. Lighter  Weight  System 

. Low  Impulse  Bit  Capability 

. High  reliability  with  an  effective  service  life  in  space  of  up  to 
10  years 

. Bulk  of  propellants  stored  as  inert  water 

. Nontoxic,  noncorrosivo  propellants 

. An  exliaust  plume  consisting  of  water  vaix>r 

. Safety  aspects  of  a low  pressure,  separated  gas  system 

. Multi-operational  mode  flexibility  to  accomplish  the  various 

mission  propulsive  requirements  in  the  most  efficient  and 
effective  manner 

. Low  power  consumption 


This  report  presents  the  results  of  a program  to  demonstrate  the  long-life  capability 
of  a water  electrolysis  propulsion  system  and  to  develop  flightweight  5 Ibf  and  0. 10 
Ibf  thrusters. 

This  program  was  an  extension  of  the  effort  performed  by  Marquardt  under  Air  Force 
Contract  F04611-71-C-0055,  "Water  Electrolysis  Satellite  Propulsion  System," 
reported  in  Reference  1. 


1.  Stechman,  R.  C.,  Jr.  and  Campbell,  J.  G.,,  "Water  Electrolysis  Satellite 
Propulsion  System,  " AFRPL-TR-72-132,  January  1973. 
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SYSTEM  LIFE  TESTING 

A complete  water  electrolysis  propulsion  system,  consisting  of  a propellant  feod 
system,  a five-pound  thrust  engine  and  a 0.10  pound  thrust  engine, was  tested  for  19 
weeks,  producing  an  impulse  of  41,000  pound-seconds,  after  which  a failure  of  one 
of  the  six  electrolysis  cells  occurred.  The  electrolysis  unit  was  modified  bj-  General 
Electric  Company.  The  modified  unit  was  tested  for  14  weeks  and  produced  an  im- 
pi’ise  of  29, 000  pound-seconds  without  any  change  in  performance. 

An  electrolysis  unit,  which  is  the  critical  component  of  the  propellant  feed  system, 
separates  water  into  hydrogen  and  oxygen  by  the  process  shown  conceptually  in 
Figure  9.  The  electrolysis  unit  made  by  General  Electric  Company  contained  six 
electrolysis  cells  as  described  in  Reference  1.  The  basic  construction  of  a single 
electrolysis  cell  is  shown  in  Figure  10. 

The  propellant  feed  system  was  essentially  the  same  as  that  described  in  the  final 
report  for  the  preceding  contract  (Reference  1),  modified  to  operate  only  in  the  simple 
blowdown  mode.  A safety  override  system  was  also  added,  consisting  of  pressure 
transducers,  thermocouples,  and  voltage  signals  from  the  system  being  monitored  by 
API  meters  for  automatic  shutdown  in  case  the  limit  values  were  exceeded. 

1.  SIMPLE  BLOWDOWN  SYSTEM 

Three  different  modes  of  operation  were  possible  with  the  ground  test  system  built 
under  the  previous  contract  (Reference  1),  depending  on  the  method  of  pressurizing 
the  water  tank.  Those  modes  were:  (1)  simple  blowdown,  (2)  repressured  blowdown, 
and  (3)  oxygon  pressurized.  The  simple  blowdown  system  was  chosen  for  the  life 
test  on  this  program.  A schematic  diagram  of  a simple  blowdown  system  is  shown  in 
Figure  11.  The  water  is  stored  in  a tank  which  is  initially  pressurized  with  helium. 

The  water  and  helium  may  be  separated  by  a flexible  bladder  or  surface  tension  screens 
might  be  used  in  the  tank  to  feed  water  to  the  electrolysis  unit.  In  either  case,  as 
water  is  consumed,  the  volume  in  the  tank  to  be  filled  by  helium  will  increase,  and  the 
pressure  will  drop.  The  tank  volume  and  initial  pressure  will  be  such  that  the  water 
tank  pressure  when  all  water  is  consumed  will  equal  the  minimum  pressure  required 
to  supply  water  to  the  electrolysis  unit. 

A latch  valve  located  between  the  water  tank  and  the  electrolysis  unit  is  closed  when- 
ever the  electrolysis  unit  is  turned  off.  Check  valves  are  located  on  the  hydrogen  and 
oxygen  outlets  from  the  electrolysis  unit.  These  check  valves  prevent  the  hydrogen 
and  oxygen  from  flowing  back  into  the  electrolysis  unit  when  the  electrolysis  unit  is 
turned  off.  This  prevents  the  hydrogen  and  oxygen  from  recombining  into  water  on 
the  catalytic  surfaces  in  the  electrolysis  unit. 
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2. 


PROPELLANT  FEED  SYSTiJM 


The  propellant  food  was  modiried  for  gi'ound  tostlng  on  this  contract  in  the 

simple  blowdown  mode.  The  ground  test  system  sohomatlc  diagram  is  shown  in 
Figure  12.  The  olcctrolysis  unit  being  tested  did  not  have  the  capability  of  opera- 
ting under  as  largo  a pressure  drop  fixini  water  Inlot  to  hydrogen  coll  as  would  be 
required  for  a flight  system  operating  in  the  simpla  blowdown  mode.  Thorofore, 
the  heliurti  tank  was  roprossurizod  manually  sevorai  times  during  the  life  test 
program.  The  current  in  tho  low  power  mode,  wh  •'b  is  adjustable  from  0.1  to 
9.6  amps,  was  sot  at  0.  G amps  to  accommodate  tho  maximum  possible  pressure 
drop,  v\'ator  i.o  hydrogen  coll,  for  low  power  mode  testing,  A number  of  hand 
valves,  solenoid  valves,  aiid  pressure  trimsducors  wore  added  to  tho  system  for 
ease  of  operation  and  performance  chocks. 

The  major  components  in  the  propellant  feed  system  are  u water  tank,  an  elec- 
trolysis unit,  and  gaseous  propeUiuit  storage  tanks. 

a.  Water  Tank  ^ 

The  water  tank,  shown  in  Figure  13,  is  made  of  321  stainless  steel.  It 
has  an  inside  diameter  oi  24  inches,  a height  of  1)6  inches,  and  a voiimie  of 
15  Ultra  pure  water  supplied  by  Arrowhead  Purltas  with  a resistance 
above  10  mogolans  was  loaded  into  the  timk.  The  ultra  pure  water  is  deion- 
ized, sterilized  by  ultraviolet  light  and  filtered  through,  a 0.4  5 micron  filter. 
The  tank  and  all  other  parts  uf  the  water  s,\steni  were  cleaned  thorougli'y 
before  using.  Tho  design  goal  was  to  maintain  2 megohm  resistance  of  the 
water  without  piirticulate  or  ionic  contmnination. 

b.  Electrolysis  Unit 

The  electrolysis  imit  which  separates  the  ..ator  into  hydrogen  and  oxygen  is 
shown  in  Figure  13.  Tho  electrolysis  imit  was  made  by  General  Elootric 
Conipimy.  A niunber  of  d«;sign  changes  (deserilxsd  on  page  50  ),  were  made 
by  General  Electric  Company  to  correct  duficioncics  in  tho  original  design 
described  in  Reference  1. 

c.  Gaseous  Propellant  Plenum  Tanks 

The  two  hydrogen  t;mks  and  one  oxvgen  tank,  shown  in  Figure  13,  were  splier- 
ical  and  had  a volume  of  1 ft“.  The  tanks  were  made  of  321  stainless  stool. 

d.  Water  Filter 

A Milliixjre  Filter  XX45-0  17-00  is  located  in  the  water  line  Ixitwoen  the  water 
tank  and  tho  electrolysis  luiit  to  prevent  any  particulate  matter  froni  reaching 
the  latch  valve  which  controls  water  supply  to  the  electrolysis  unit.  An  O.S 
micron  filter  element  was  used. 
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e.  Desiccant 

Cylindrical  desiccants  made  by  Air  Dry  Corporation  are  located  in  <-he  hydro- 
gen and  oxygen  lines  downstream  from  the  electrolysis  unit.  The  dessiccants 
used  in  the  ground  test  contained  Linde  Type  4A  molecular  sieve  pellenis. 

The  desiccants  removed  the  water  vapor  from  the  propellant  gases  produced 
by  the  water  electrolysis  unit.  The  desiccant  cylinders  are  shown  in  Figure  13. 

f.  Conductivity  Cells 

Two  conductivity  cells  made  by  Balsbaugh,  Model  No.  900-0.  OIT -HP,  were 
placed  in  the  water  line  between  the  water  tank  and  the  electrolysis  unit  to 
allow  measurements  of  the  electrical  resistance  of  the  water. 

g.  Deionizer 

A deionizer  installed  in  the  water  line  between  the  water  tank  and  the  electrol- 
ysis unit  was  bypassed  during  the  life  testing  because  it  was  found  that  a water 
resistance  near  2 megohms  was  maintained  in  the  stainless  steel  water  system 
without  passing  the  water  through  the  deionizer. 

h.  Humidity  Indicator 

The  relative  humidity  of  the  hydrogen  and  oxygen  after  passing  through  the 
desiccants  is  determined  by  passing  the  gases  through  an  Air  Dry  Corpora- 
tion Model  No,  7275  humidity  indicator.  The  relative  humidity  is  indicated 
by  observing  the  color  change  in  an  indicating  desiccant. 

i.  Hydrogen/Oxygen  Gas  Mixing 

Any  small  amount  of  mixing  of  hydrogen  and  oxygen  in  either  the  hydrogen 
or  oxygen  systems  is  indicated  by  passing  the  gases  through  an  Englehard 
Industries  Deoxo  catalytic  gas  purifier.  Model  D-10-2500.  Any  tempera- 
ture rise  of  the  gas  flowing  <^^hrough  the  catalyst  bed  indicates  the  presence 
of  some  amount  of  mixed  gases.  ’J.  he  General  Electric  electrolysis  unit 
produces  completely  separated  gases  in  normal  operation. 

3.  SYSTEM  CONTROLS 

The  propellant  feed  system  is  controlled  automatically  by  several  pressure  switches 
to  provide  hydrogen  and  oxygen  as  required  to  maintain  the  propellant  storage  tanks 
within  maximum  and  minimum  pressure  limits,  A power  conditioner  provides  elec- 
tric current  to  t’  i electrolysis  unit  on  one  of  three  levels,  (1)  high,  (2)  low,  or  (3) 
standby.  The  proper  current  at  any  time  is  controlled  by  an  electrical  signal  trans- 
mitted to  one  of  three  terminals  on  the  power  conditioner.  The  proper  terminal  is 
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selected  automatic?  tly  by  four  pressure  switches  in  the  system.  The  logic  diagram 
for  the  pressure  switches  is  shown  in  Figure  14.  The  pressure  limits  shown  in 
Figure  14  are  for  maximum  propellant  supply  pressures  of  200  psia. 

The  pressure  switch  PS-2  on  the  hydrogen  plenum  system  is  in  position  "A"  when  the 
hydrogen  pressure  is  below  180  psia,  and  is  in  position  "B"  when  the  hydrogen  pres- 
sure is  above  200  psia.  Pressure  switch  PS-3  on  the  oxygen  system  is  sot  at  the 
same  limits. 

If  both  the  oxygen  and  hydrogen  tank  pressures  are  below  180  psia,  the  control  logic 
dictates  that  current  be  supplied  to  the  electrolysis  unit  and  the  water  inlet  latch 
valve  be  opened.  However,  the  amount  of  current  is  regulated  by  pressure  switch 
PS-4,  which  measures  the  pressure  differential  between  the  inlet  water  pressure 
and  the  hydrogen  cell  (outlet)  pressure. 

A low  current  of  about  6 amps  will  be  supplied  unless  PS-4  measures  a pressure 
differential  greater  than  70  psi,  in  which  case  a high  current  of  about  23  amps  will 
be  supplied  to  the  electrolysis  unit. 

A manually  operated  relay  is  also  placed  between  pressure  switch  PS-4  and  the  power 
conditioner  to  allow  override  selection  of  the  current  to  high  or  low  power  level. 

This  relay  may  be  used  after  blowdown  of  the  gaseous  propellants  in  order  to  keep 
the  electrolysis  unit  operating  in  the  high  power  mode  until  one  of  the  gas  tanks  has 
reached  200  psia.  A remotely  operated  relay  could  be  used  in  a flight  system  to  keep 
the  electrolysis  system  operating  in  the  high  power  mode  during  a period  of  repetitive 
blowdowns  as  during  a AV  maneuver. 

If  either  the  hydrogen  or  oxygen  tank  pressure  exceeds  200  psia,  PS-5,  a pressure 
switch  on  the  oxygen  cell  (outlet)  pressure,  is  activated.  If  the  oxygen  cell  pressure 
drops  below  145  psia,  PS-5  is  in  position  "A"  and  travismits  a signal  to  the  standby 
terminal  of  the  power  conditioner.  In  this  case,  a current  of  one  arnp  will  bo  trans- 
mitted to  the  electrolysis  unit.  If  the  oxygen  cell  pressure  is  above  180  psia,  PS- 5 
is  in  position  "B",  and  current  to  the  electrolysis  unit  is  turned  off. 

4.  SAFETY  CONTROLS 

j 

I The  propellant  feed  system  was  operated  continuously  around  the  clock,  seven  days 

I a week.  The  test  was  unattended  except  for  daily  monitoring  during  the  regular  work 

? week.  Therefore,  a safety  control  system  was  installed  to  automatically  shut  off 

; the  electrolysis  Uiiit  in  case  certain  safety  limits  were  exceeded.  The  parameters 

I monitored  by  the  safety  control  system  are  shown  in  Table  3. 

Electrical  outputs  from  the  pressure  transducers  measuring  P8,  the  oxygen  outlet 
cell  pressure,  and  Pg,  the  hydrogen  cell  outlet  pressure,  were  connected  to  API 
Instruments  Company's  millivolt  limit  switches.  If  either  pressure  cxcoodod  250 
psig,  an  electrical  signal  went  to  a Visi-Con  Mark  V-12  annunicator  and  the 
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electrolysis  unit  was  turned  off.  The  time  at  which  any  of  the  safety  limits  were 
exceeded  was  shown  on  an  Esterline- Angus  Model  AW  operation  recorder  which  was 
in  continuous  operation  ^ath  a paper  speed  of  three  inches  per  hour.  The  API  limit 
switches,  the  Visi-Cor.  annunicator  and  the  Esterline-Angus  recorder  are  shown  in 
Figure  15. 

Ten  different  paiametors  were  monitored  by  the  annunicator.  The  first  channel  to 
exceed  limits  is  indicated  by  a flashing  light  on  the  annunicator  to  aid  in  any  subse- 
quent failure  analysis. 

Another  parameter  monitored  by  the  safety  system  was  the  absolute  pressure  differ- 
ential between  the  hydrogen  and  oxygen  cells.  A differential  above  70  psi  would  shut 
down  the  system. 

A thermocouple  on  the  top  plate  inside  the  electrolysis  imit  was  monitored,  with  auto- 
matic shutdown  if  the  temperature  exceeded  170°F.  Any  higher  temperature  would 
damage  the  solid  polymer  electrolytes  in  the  electrolysis  unit. 

Each  of  the  six  cell  voltages  in  the  electrolysis  unit  was  monitored  to  turn  off  the 
electrolysis  unit  in  case  any  cell  voltage  exceeded  2.2  volts.  Such  a condition  would 
indicate  some  typo  of  failure  within  the  electrolysis  unit. 

5.  ENGINES 

A five-pound  thrust  engine  and  a 0. 1 pound  thrust  engine  were  installed  in  the  Pad  D 
test  coll  of  the  Precision  Rocket  Laboratory  (PRL),  adjacent  to  the  propellant  feed 
system  as  shown  in  Figure  16.  The  PRL  control  room  Is  shown  in  Figure  17.  Pro- 
pellant lines  were  run  from  the  hydrogen  and  oxygen  tanks  to  the  engines.  Each 
engine  had  its  own  engine  valves  and  spark  plug  igratars,  which  were  activated  by  an 
automatic  pulser  shown  in  Figure  18.  The  pulser  was  designed  and  fabricated  by 
Marquardt  to  provide  engine  firings  over  a period  of  28  days  with  the  duty  cycles 
shown  in  Table  4.  At  the  end  of  28  days,  the  pulser  shut  down  and  was  manually 
started  tc  repeat  the  engine  firings  in  Table  4.  The  pulser  was  also  shut  down  by 
the  safety  system  whenever  the  electrolysis  unit  was  turned  off  by  the  safety  system. 

The  five-pound  thrust  workhouse  engine  (Figure  19)  and  the  0. 1 pound  thrust  work- 
horse engine  (Figure  20)  developed  on  the  previous  contract  (Reference  1)  were 
installed  in  Pad  D for  the  life  testing.  A Bel  Air  Engineering  fixed  energy  igniter 
unit  described  in  Reference  1 was  used  with  each  engine. 

6.  TEST  PREPARATION 

The  initiation  of  life  testing  was  scheduled  for  Februaiy  1973.  However,  v/hen  the 
final  check  of  the  system  was  made,  a leak  v/as  discovered  in  the  mating  joint  of  the 
electrolysis  luiit  between  the  dome  flange  and  the  aluminum  pressure  plate.  Thin 
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TABLE  4.  LIFE  TEST  ENGINE  FIRING  SCHEDULE 


columbiuin  foil  had  boon  bonded  with  o|x>xy  to  tho  aluminum  pressure  plate  to  avoid 
contact  between  water  and  oxygen  and  the  rJuminum  pressure  plate.  However,  it 
was  found  that  leak  paths  had  developed  iMjtweon  tho  columbium  foil  and  the  alumi- 
aum,  allowing  leakage  of  hydrogen. 

The  electrolysis  unit  was  shipix^d  to  General  Electric  Compimy  whore  the  aluminum 
pressure  plate  was  replaced  by  a stainless  steel  pressure  plate.  Tho  inner  surface 
of  tho  dome  was  cleaned  of  rust  and  coated  with  teflon  to  eliminate  further  rusting. 
Some  partial  blockage  of  tho  water  passage  to  Cell  4 was  also  eliminated.  This 
blockage  was  caused  by  lateral  extrusion  of  the  adjacent  i»lymor  during  assembly. 

After  tho  electrolysis  unit  had  been  returned  to  Marquardt,  the  system  was  reacti- 
vated preparatory  to  starting  life  tests.  At  this  time  a leak  developed  in  one  of  the 
hydrogen  tanks. 

The  leak  developed  in  the  end  boss  abou  0.150  inch  from  the  boss  wold.  This  tank 
had  been  in  intermittent  service  with  hyurogen  at  ISG  psig  for  ten  months  without  any 
leakage.  Tho  leak  was  through  a 0.050  inch  long  cr  ick  with  raised  edges  giving  the 
appearance  of  a small  blister.  The  three  tanks  were  removed  from  the  system  and 
given  the  following  series  of  tests: 

a.  Ultrasonic  Inspection  of  Boss 

Transverse  and  judal  ultrasonic  inspection  of  the  bosses  did  not  reveal  any 
stringers  or  other  imperfections.  The  known  Haw  could  not  be  detected 
because  of  reflections  from  tho  adjacent  weld. 

b.  X-Ray  Inspection 

Radiographic  inspection  of  the  lx>sses  was  made  by  holding  narrow  film  strips 
inside  the  Ixjss.  The  known  flaw  was  clearly  shown  and  a similar  flaw  which 
had  not  carried  to  the  surface  was  found  in  the  other  boss  of  the  same  tank. 
Tho  flaws  were  characterized  as  f(>r-4ing  (or  extrusion)  bursts,  inherent  flaws 
in  the  boss  parent  material  and  unrelated  to  welding.  The  weld  x-rays  which 
had  been  taken  during  tho  initial  fabrication  ;md  inspection  of  tho  tanks  was 
reexamined.  The  flaws  wore  not  visible  Ijocause  the  x-rays  had  lx*en  focused 
on  the  weld. 

c.  Dye- Penetrant  Inspection 

Dyo-penetr:mt  insixjction  on  the  tani\S  and  bosses  did  not  reveal  any  flaw 
other  than  tho  one  leaking  crack. 

Tho  two  flaws  in  the  end  bosses  were  repaired  by  coimtersinking  0.125  inch 
diameter  flat  bottom  holes  within  . OHO/.  0(i0  inch  of  the  inside  surface,  insert- 
ing a H21  pin  and  E.B.  welding.  The  tank  was  subsequently  proof-tested  to 
050  psig  and  showed  no  leakage. 
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TEST  HISTORY  — ORIGINAL  ELECTROLYSIS  UNFl' 


Juno  13,  1073 

Life  testing  of  the  electrolysis  system  was  initiated  on  June  13,  1973.  Initial 
tests  of  the  two  boilerplate  system  thrusters  at  the  simulated  altitude  condi- 
tion of  appi'oximatoly  80, 000  feet  indicated  that  both  of  the  engines  failed  to 
ignite.  Further  investigation  of  the  ignition  system  indicated  that  arcing  of 
the  spark  occurred  in  the  connector  and  could  not  be  corrected.  Rather  than 
delay  the  life  test,  the  decision  was  made  to  initiate  the  tost  imd  run  the  en- 
gines at  soa  level.  Further  tests  indicated  satisfactory  ignition  of  the  five  - 
pound  engine,  but  unsatisfactory  0.1-pound  ignitions.  Tests  at  60  m'  on/ 

940  ms  off  could  produce  random  ignitions.  This  again,  was  the  fai  it  of 
the  ignitor.  Tests  conducted  in  January  1973,  indicated  that  the  igniter 
required  a longer  duration  to  recharge,  but  this  fact  was  neglected  in  set- 
ting up  the  test  sequence. 

During  the  second  day  of  the  test  program,  an  unscheduled  shutdown  of  the 
system  occurred  when  Cell  #6  voltage  indicated  greater  thu)i  two  volts. 

This  occurred  at  12:51  on  Juno  14.  The  data  had  boon  visually  recorded  at 
12:20  and  12:40  and  Coll  #6  indicated  a constant  1.82  volts  DC.  The  system 
was  reset  manually  and  no  other  anomalies  occurred. 

During  the  second  week  of  operation,  a significant  oxygen  leak  occurred 
(20  psi  decay  in  tank  pressure/day).  Investigation  of  the  leak  indicated: 

(1)  a pinhole  leak  in  the  burst  diaphragm  of  the  oxygen  tank,  and  (2)  a 
small  leak  in  the  0, 1-pound  O2  valve. 

A silver  burst  diaphragm  was  replaced  with  a nickel  diaphragm,  since  the 
silver  diaphragm  showed  signs  of  corrosion.  The  0.1  Ibf  engine  valve  seat, 
with  an  acciunulatod  200, 000  cycles  (neglecting  the  cycles  acciunulated  dur- 
ing the  MOL  Px'ogixun  where  it  was  originally  used),  was  reidaced. 

The  life  testing  continued  for  19  weeks  with  no  indication  of  any  deterioration 
of  performance  of  the  electrolysis  unit,  although  the  unit  was  shut  down  a 
number  of  times  by  ixjripheral  causes  such  as  city  iX)\vor  failures  or  over- 
voltage spikes  on  some  of  the  cell  voltages.  Tlie  cause  of  the  voltage  si)ikos 
was  not  determined  conclusively,  but  was  thought  to  be  caused  by  stray  elec- 
trical surges  through  the  safety  system  rather  than  being  generated  by  the 
electrolysis  imit. 

A typical  history  of  electrolysis  system  pressures  is  shown  in  Figure  21. 
This  data,  taken  July  11,  1973,  shows  buildup  of  pressures  due  to  operation 
of  the  electi'olysis  luiit  in  the  high  power  mode.  After  290  minutes,  the  oxy- 
gen tank  reaches  the  maximum  pressure  and  the  electrolysis  unit  is  shut  off 
by  the  pressure  switch  PS-3,  The  electrolysis  unit  oixsrates  in  the  standby 
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mode  thereafter,  with  oscillations  of  the  oxygen  cell  pressure  as  controlled 
by  pressure  switch  PS-5.  During  standby  operation,  the  pressure  of  the 
water  isolated  between  the  closed  latch  valve  S-1  and  the  water  feed  barrier 
in  the  electrolysis  unit  drops  lower  than  the  hydrogen  cell  pressure.  This 
means  that  no  water  will  be  transported  across  the  water  feed  barrier  dur- 
ing standby  operation,  which  is  a desirable  situation.  However,  hydrogen 
can  diffuse  across  the  water  feed  barrier  from  tlie  hydrogen  cell  to  the 
water  supply  cell,  possibly  forming  a bubble  of  hydrogen  which  would  block 
access  of  water  to  the  water  feed  barrier  when  the  electrolysis  unit  is  later 
turned  on  and  the  latch  valve  is  opened.  The  water  tank  pressure,  which  is 
always  higher  than  the  hydrogen  cell  pressure,  will  force  any  hydrogen  bub- 
bles across  the  water  feed  barrier  into  the  hydrogen  cell  and  normal  opera- 
tion should  x’esult.  This,  situation  occurred  frequently  during  life  testing  and 
no  difficulties  were  ev3V  encountered. 

b.  July  18,  1973 

The  check  valve  on  the  oxygen  cell  outlet  was  found  to  be  stuck  open  on 
July  18.  The  31G  stainless  steel  check  valve  was  removed  from  the  system 
and  found  to  be  badly  rusted.  It  was  replaced  by  a clean  valre. 

c.  July  20,  1973 

Samples  of  hydrogen  and  oxygon  wore  passed  through  the  humidity  indicator 
and  the  catalyst  bed.  No  indication  of  mixed  gases  or  humidity  was  observed. 
The  lack  of  color  change  in  the  humidity  indicator  showed  that  the  dew  point 
of  the  gases  after  going  through  the  desiccants  was  below  -70°F. 

d.  August  17,  1973 

The  electrolysis  unit  was  shut  down  for  several  hours  so  that  the  malfunc- 
tioning oxygen  cell  pressure  transducer  could  bo  replaced.  It  was  found  that 
the  1/4  inch  diameter  line  going  to  the  transducer  was  blocked  by  rusty 
sediment. 

e.  August  17,  1973 

The  top  plate  temperature  inside  the  electrolysis  unit  recorded  150°F,  much 
higher  than  normal.  The  electrolysis  unit  continued  to  operate. 

f.  September  1973 

The  safety  system  shut  the  electrolysis  imit  off  on  several  occasions  during 
this  time.  Either  Coll  (>  voltage  or  the  pressure  diiferential  between  oxygen 
and  hydrogen  colls  wore  shown  on  the  annunicator  to  be  responsible  for  the 
shutdown. 
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The  oxygen  outlet  check  valve  was  again  found  to  be  rusty  at  this  time  and 
was  replaced. 

During  September,  the  PS-5  pressure  switch  began  to  operate  erratically. 
The  contact  points  were  cleaned,  after  which  normal  operation  was  resumed. 

On  September  28,  the  overvoltage  cutoff  on  the  power  conditioner  repeatedly 
shut  down  whenever  an  attempt  was  made  to  start  the  electrolysis  unit.  The 
unit  was  finally  started  in  low  power  after  49  attempts  over  a period  of  75 
minutes.  The  unit  was  then  manually  switched  to  high  power  after  an  hour 
of  operation  in  the  low  power  mode. 

October  5,  1973 

Cell  4 voltage  was  found  to  he  abnormally  low  while  the  electrolysis  unit  was 
operating  in  the  low  power  mode.  All  six  cells  were  at  about  1. 62  volts, 
while  Cell  4 was  only  1.01  volts. 

The  oxygen  cell  pressure  was  about  20  psi  lower  than  the  hydrogen  coll  pres- 
sure, as  had  been  the  case  after  operating  for  a week  or  more  in  low  pewer 
mode.  A slight  0/F  unbalance  of  the  sonic  orifices  on  the  0. 10  pound  thrust 
engine  was  thought  to  bo  the  cause. 

The  electrolysis  unit  was  shut  down  manually.  A cross  membrane  leakage 
test  with  the  hydrogen  cell  pressurized  75  psig  above  the  oxygen  cell  gave 
a flow  rate  of  14  cc/minutc.  Normal  flow  rate  is  7 cc/m.inute  and  a flow 
up  to  20  cc/minute  would  be  acceptable.  It  was  found  that  the  low  voltage 
on  Cell  4 was  eliminated  when  the  electrolysis  unit  was  operated  with  hydro- 
gen cell  pressure  equal  to  or  greater  than  the  oxygen  cell  pressure.  It  was 
concluded  that  some  leakage  was  occurring  past  the  gasket  seals  between  the 
hydrogen  and  oxygen  cells.  However,  the  cross  membrane  leakage  test  with 
hydrogen  pressure  greater  than  oxygen  pressure  was  acceptable.  After 
evaluating  these  results.  General  Electric  Company  recommended  that  the 
life  tests  be  resumed  with  hydrogen  pressure  kept  alx>ve  oxygen  pressure. 

October  10,  1973 

The  life  test  was  resiuned,  keeping  hydrogen  coll  pressure  higher  than  oxy- 
gon cell  pressure  by  occasional  manual  blowdown  of  the  oxygen  tanks.  Cell 
#4  voltage  was  normal, 

Occolxjr  24,  1973 

Time  1400  — The  electrolysis  unit  was  found  shut  down.  Unit  was  turned  on, 
resulting  in  Cell  #4  being  low  in  performance  imtil  O2  pressure  was  manually 
lowered  below  H2. 


Time  1430  — Cell  #4  suddenly  dropped  to  0..45  VDC  with  all  other  cells 
normal  at  19  amps  and  1.67  VDC  and  H2>02  by  5 to  10  psi. 

Time  1440  — Cell  #4  suddenly  returned  to  normal  performance  at  1.64 
VDC. 

Time  1645  — Cell  #4  suddenly  dropped  to  0.34  VDC  with  the  unit  base  plate 
temperature  on  one  side  rising  to  150°F.  The  base  plate  temperature  on 
the  other  side  was  115°F. 

Time  1770  — Electrolysis  unit  continued  to  operate  in  high  power  mode. 
Hydrogen  cell  pressure  was  8 psi  higher  than  oxygen  cell  pressure.  Cell 
#4  voltage  continued  to  slowly  drop  to  0.28  volts.  Other  cells  maintained 
steady  voltages  of  about  1.67  volts. 

Time  1705  — Unit  was  manually  shut  down  with  Coll  #4  voltage  immediately 
dropping  to  zero  and  other  cells  decaying  rapidly.  All  cells  (except  Cell  #5) 
reached  zero  volts  in  five  minutes.  Hydrogen  pressure  was  5 psi  higher  than 
oxygen  pressure.  The  following  cell  performances  were  noted  prior  to 
shutdown; 


Voltage.  VDC 


Current 


Cell  Nos.  1 


2 3 


4 5 6 


19.3  amps 


1.76  1.67 


1.68  0.28  1.67  1.75 


A gas  cross  membrane  leakage  test  performed  on  the  unit  gave  a rate  of  300 
cc/minute.  The  unit  was  then  shipped  to  General  Electric  Company. 

8.  UNIT  DISASSEMBLY  AND  INSPECTION 

The  following  tests  and  observations  were  made  by  General  Electric  during  the  fail- 
ure analysis  from  November  7 to  16,  1973: 

a.  Cell  ohmic  resistances  were  as  follows; 

Cell  Nos.  1 2 3 4 5 6 

0.0049  0.0046  0.C052  0.0049  0.005  0.0059 

b.  All  cells  charged  normally  using  the  Simpson  meter  technique. 

c.  Three  of  the  lour  negative  terminal  current  leads  wore  electrically  open. 
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A helium  leakage  test,  with  water  and  hydrogen  cells  75  psi  above  oxygen 
cell  pressure,  showed  gross  leakage  across  the  stack  (250  cc/minute)> 

This  test  determines  the  leakage  rate  in  all  twelve  membranes  (electrolysis 
cells  and  water  transport  membranes). 

A helium  leakage  test  with  the  water  inlet  75  psi  higher  than  hydrogen  and 
oxygen  cells  showed  a normal  diffusion  rate  of  5 cc/minute.  This  test 
determines  the  leakage  rate  In  the  six  water  transport  membranes. 

Measurement  of  oxygen  manifold  gasket  thicknesses  showed  the  following 
compared  to  the  initial  average  of  0.  Oil  inch: 

Cell  Nos.  1 2 3 4 5 6 

0.011  0.0117  0.011  0.0106  0.010  0.0114 

Measurement  of  water  manifold  gaskt  ii?oknesses  showed  the  following 
compared  to  the  initial  average  of  0.  CiO  inch: 

Cell  Nos.  1 2 3 4 5 6 

0.0105  0.0099  0.0099  0.0097  0.0119  0.010 

Measurement  of  oxygen-side  cell  gasket  thicknesses  showed  the  following 
averages  compared  to  an  initial  average  of  0. 014  inch: 

Cell  Nos.  12  3 4 5 6 

0.0137  0.0142  0.0141  0.01S3  0.0135  0.0137 

Measurement  of  water-side  cell  gasket  thicknesses  showed  the  following 
compared  to  an  initial  average  of  0. 045  inch: 

Cell  Nos.  1 2 3 4 5 6 

0.0435  0.0445  0.0432  0.0446  0.0453  0.045 

Hydrogen  embrittlement  was  present  on  the  hydrogen-side  screen  assemblies 
as  shown  in  Figure  22.  The  material  flaking  shown  in  Figure  22  occurred 
during  disassembly.  Prior  to  disassembly,  the  screen  assemblies  appeared 
normal. 

There  was  a band  of  corrosion  about  1/8  inch  wide  on  the  outer  diameter  of 
the  top  endplate  which  is  adjacent  to  the  negative  terminal  plate.  Rust  and 
surface  corrosion  extended  about  one  inch  around  the  inner  surface  of  the  top 
endplate  as  shown  in  Figure  23.  No  corrosion  was  noted  on  the  outer  surface 
of  the  top  endplate. 


A line  indentation  (0. 005  inch  deep)  existed  on  the  screen  protector  ring 
oxygen  eyelets  of  Cell  Nos.  4 and  5.  Figure  24  is  a photograph  of  the  inden- 
tation and  the  mating  oxygen  manifold  gasket  which  was  also  indented  or 
creased  from  compression  over  the  indentation. 

A whitish  deposit  (later  analyzed  to  be  niobium)  was  present  on  all  the  water 
screen  assemblies  and  water  transport  membranes.  Figure  25  shows  a 
typical  deposit  on  Cell  No.  4;  the  deposit  being  at  the  top  of  the  photo  180° 
opposite  the  water  inlet  manifold.  In  the  assembled  unit,  this  niobiuiu  de- 
posit would  be  adjacent  to  the  oxygen  outlet  port.  The  niobium  screens  were 
discolored  with  what  appeared  to  be  an  oxide  film. 

Each  cell  was  individually  leak  checked  by  pressurizing  one  side  at  3 psi 
helium  while  submerged  in  several  inches  of  water.  Only  Cell  No.  4 
showed  leakage,  this  occurring  through  two  single  pinholes  in  the  mem- 
brane. These  holes  were  approximately  0. 5 inch  apart  and  located  1.  0 
inch  inside  the  perimeter  of  the  active  area  adjacent  tc  the  water  inlet 
manifold.  The  membrane  was  stripped  in  aqua  regia  and  microscopically 
inspected.  The  two  holes  were  cratered  or  depressed  from  the  oxygen 
side  and  the  surrounding  area  had  a scorched  or  burned  appear-'.nce  on  the 
hydrogen  side.  Some  burning  was  also  visible  on  the  oxygen  side  adjacent 
to  the  oxygen  outlet  ports.  The  burning  that  occurred  on  the  oxygon  side 
appeared  to  have  been  considerably  hotter  than  that  on  the  hydrogen  side 
around  the  two  pinholes.  Figure  26  is  a sketch  of  the  failure  pattern 
observed  on  Cell  No.  4. 

Approximately  5 cc's  of  condensate  water  were  present  in  the  hydrogen 
side  volume  of  the  unit  enclosure  after  removal  of  the  pressure  dome. 

The  water  was  analyzed  as  follows: 

Property  Analysis 


pH 

1.7 

F- 

140  mg/liter 

Iron 

265  mg/liter 

Torque  on  the  stack  tie  rod  nuts  prior  to  disassembly  averaged  65  inch- 
pounds  as  compared  to  the  initial  installation  of  80  inch-poiuids. 

Disassembly  of  the  potted  electrical  connections  in  the  plastic  cup  on  top  of 
the  stack  revealed  that  the  three  ojxjn  current  leads  from  the  negative  terminal 
plate  wore  due  to  an  interface  coating  of  the  eixjxy  potting  material  whicli 
flowed  between  the  electrical  spade  tab  and  the  three  current  lea  I connections. 


Figure  26.  Failui'e  Pattern  on  Cell  No.  4 


r.  The  power  conditioner  was  operated  successfully  as  a component  exhibiting 
no  inability  to  hold  high  current  on  unit  startup  as  was  experienced  at 
Marquardt.  Simulation  of  the  open  current  leads  by  carrying  the  current  in 
only  one  of  the  negative  terminal  pins  in  the  harness  increased  the  startup 
voltage  on  the  power  conditioner. 

s.  Evidence  of  burning  was  noted  throughout  the  oxygen  outlet  manifold  within 
the  stack.  The  polysnlfone  sheet  adjacent  to  the  top  endplate  showed  scorch- 
ing in  the  oxygen  manifold  location. 

t.  The  3/0  screen  pattern  from  the  oxygen  side  m.'Uiifold  eyelet  area  to  the 
mating  oxygen  side  of  each  cell  was  reflected  by  diamond  indentations  on 
the  coll  membrane  surfaces.  The  water  transport  membranes  showed  no 
evidence  of  this  pattern. 

u.  Chemical  analysis  of  a water  trimsport  membrane  revealed  the  presence  of 
iron  in  the  membrane  with  the  whitened  area  showing  a larger  concentration 
of  iron  (1.4  mg/g  vs.  0.4  mg/g).  The  water  content  was  normal  (21.2%), 

Due  to  the  presence  of  iron,  tlie  contamination  level  cannot  be  estimated 
from  the  lEC  (ion  exchange  capacity)  data.  The  whitish  deposit  area  of  the 
mo’-Tibrane  was  chemically  analyzed  to  have  an  lEC  of  0. 89  while  an  unaffec- 
ted area  had  an  lEC  of  0. 86. 

9.  CAUSE  OF  THE  VARIOUS  FAILURE  PHENOMENA 

a.  It  is  concluded  that  the  two  pinioles  observed  in  Cell  No.  4 would  cause  the 
final  operation  symptoms.  A failed  cell  of  this  nature  would  result  in  the 
inability  to  hold  voltage  due  to  depolr.rization  of  the  eleoti'odc  by  gas  mixing 
on  the  catalyst  surface. 

b.  The  repeated  tripping  out  of  the  power  conditioner  which  occurred  on 
September  28,  1973,  was  caused  by  the  increased  IR  dx’op  in  the  negative 
terminal  circuit  from  the  electrolysis  module  to  the  power  conditioner. 

The  loss  of  three  of  the  four  power  leads  caused  an  increased  electrical 
resistance,  thus  a higher  voltage  output  requirement  from  the  power  con- 
ditioner. This  condition  combined  with  the  attempted  modulo  startup  from 
a cold  start  on  September  28  resulted  in  a high  voltage  startup  requirement, 
particularly  in  the  high  current  mode.  This  exceeded  the  15  VDC  jxjwor 
conditioner  overvoltage  shutdown  st*^*^ine,  thus  the  inability  to  hold  load. 

c.  The  hydrogen  embrittlement  observed  on  the  hydrogen  screen  assemblies 
was  anticipated  as  a result  of  teardown  observations  made  on  other  long- 
life electrolysis  units.  To  date,  no  electrolysis  failure  has  been  attributed 

to  this  phenomenon.  No  broken  screen  strands  wore  observed  in  the  Marquardt 
unit  chat  would  cause  the  two  pinholes  that  were  observed  in  Cell  No.  4.  The 
dolamination  and  flaking  of  the  sheet  metal  as  shown  in  Figure  22  was  the  result 
of  flexing  of  the  material  after  imit  disassembly. 
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d.  The  rust  and  surface  corrosion  observed  at  the  interface  of  the  top  end- 
plate  to  the  polysulfone  insulating  sheet  and  terminal  plate  were  caused  by 
the  highly  acidic  condensate  water  which  accunmlated  on  top  of  the  mylar 
insulating  ring  located  adjacent  to  this  area.  Accumulated  water  conden- 
sate eventually  bridged  the  gap  (0. 040  inch)  to  the  endplate  and  caused 
corrosion  from  the  presence  of  the  voltage  difference  between  the  termi- 
nal plate  and  the  endplate. 

e.  The  niobium  oxide  formation  in  the  water  transport  compartment  of  each 
cell  was  caused  by  the  reaction  of  the  niobium  screen  material,  fluoride 
dissolved  in  the  water,  and  entrapped  air  or  oxygen  in  the  presence  of 
extreme  heat.  The  oxide  pattern  observed  on  the  water  screen  assembly 
Increased  in  intensity  from  the  water  inlet  manifold  to  the  opposite  side 
of  the  compartment.  Since  the  opposite  side  is  the  most  water  stagnant 
region  of  the  compartment,  the  fluoride  content  would  be  at  the  greatest 
concentration.  Any  iron  contamination  in  the  feed  water  would  also  accum- 
ulate in  this  region  as  observed  in  the  chemical  analysis  of  the  water  trans- 
port membrane.  Since  the  water  content  and  lEC  of  t'ue  membrane  were 
normal,  the  water  transport  properties  of  the  membrane  were  not  affected. 

f.  The  intermittent  low  performance  or  low  cell  voltage  observed  on  Cell  No.  4 
and  eventual  pinhole  failure  probably  occurred  over  a longer  period  of  time 
(October  3 to  24).  The  indented  impression  in  the  o.xygen  manifold  eyelet 
area  of  the  screen  protector  ring  on  Cell  No.  4 (Figure  24)  is  considered  the 
most  likely  cause  of  failure.  Difficulty  in  gasket  sealing  in  this  area  has 
been  experienced  in  previous  buildups.  A gasket  leak  probably  occurred  on 
October  3,  resulting  in  oxygen  entering  the  hydrogen  side  of  Cell  No.  4 and 
burning  in  the  observed  pinhole  area  of  the  cell.  This  resulted  in  a local- 
ized high  membrane  temperature  and  softening  of  the  material.  The 
observed  cratering  or  indentations  at  the  pinholes  as  viewed  from  the  oxy- 
gen side  was  caused  by  the  high  overpressure  of  oxygen  over  hydrogen 

(23  psi).  It  is  probable  that  the  two  pinholes  occurred  at  this  time  but  were 
small  enough  to  reseal  when  the  oxygen  pressure  was  lowered.  This  is  also 
true  for  the  initial  manifold  leak. 

The  stack  leakage  tost  performed  on  October  5,  1973,  revealed  no  excessive 
stack  leakage  when  the  hydrogen  side  pressure  is  greater  than  the  oxygon 
side  (up  to  75  psi).  The  pinholes  evidently  were  very  small  and  thus  could 
easily  have  been  sealed  with  water  or  deformed  and  sealed  in  the  opposite 
direction  by  the  H2/O2  pressure  differential. 

Since  the  manifold  gasket  leakage  was  intermittent  (as  demonstrated  by  the 
erratic  performance  of  Coll  No.  4),  this  leakage  was  also  not  revealed  with 
the  October  5,  1973,  leakage  test.  Continued  operation  in  the  hydrogen  over 
oxygen  pressure  mode  for  the  next  15  days  with  the  failed  pinhole  area  in 
Cell  No.  4 eventually  caused  a larger  pinhole  leak  tmd  depolarization  of  the 
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electrode.  It  is  evident  from  the  improved  performance  of  the  unit  prior 
to  failure  and  the  150°F  recorded  base  plate  temperature,  that  overheating 
was  occurring  in  the  unit  for  some  time  on  October  24,  The  oxygen  mani- 
fold and  oxygon  outlet  area  of  each  cell  experienced  severe  burning  due  to 
the  operation  in  the  hydrogen  overpressure  mode,  causing  hydrogen  to  enter 
the  oxygen  manifold  and  into  the  entrance  of  the  oxygon  side  of  each  cell. 
The  severe  oxidation  of  the  niobium  water  screen  assemblies  probably 
occurred  at  this  time. 

10.  MODIFICATION  OF  ELECTHOLYSIS  UNIl' 

The  electrolysis  unit  was  modified  by  General  Electric  Company  with  the  following 

changes: 

a.  Substitution  of  a double-sided  silicone  adhesive  manifold  gasket  in  place  of 
the  elastomeric  design. 

b.  Substitution  of  a 4/0  screen  pattern  as  top  layer  against  the  membrane 
electrode  on  the  oxygen  screen  assembly.  This  insured  that  the  gasket  is 
positioned  adjacent  to  the  manifold  slot  to  eliminate  eyelet  cover  creasing. 

c.  Replacement  of  the  hydrogen  screen  assemblies  and  addition  of  a 4/0  screen 
pattern  in  place  of  a 3/0  pattern. 

d.  Fabrication  of  six  new  membrane  electrode  assemblies. 

0.  Fabrication  of  six  new  water  transport  membrimes, 

f.  Fabrication  of  isix  now  water  side  gaskets. 

g.  Connection  of  the  internal  harness  directly  to  the  terminal  plates. 

h.  Coating  of  the  top  endplate  with  TFE  to  0.007  inch  thicleiess. 

1.  Addition  of  a gas  leakage  test  to  the  assembly  procedure,  with  oxygen 
pressure  greater  th;ui  hydrogen  pressure. 

j.  Reduction  of  the  mylar  insulation  overlap  width  beyond  stack  perimeter. 

The  modified  electrolysis  imit  was  shipped  to  Marquardt  on  February  4,  1974. 

11,  TEST  lilfirORY-MODIFIED  ELECTROLYSIS  UNIT 

The  life  test  of  the  modified  electrolysis  unit  was  begun  on  Marcli  13,  1974.  After 

25  minutes  of  operation  in  the  high  power  mode  (21.9  amps),  the  unit  was  shut  off 

by  the  safety  system  because  Coll  No.  1 voltage  had  exceeded  3.2  volts.  The 


ambient  temperature  at  this  time  was  48°F.  This  low  temperature  was  at  least  partly 
responsible  for  the  overvoltage  of  Cell  No.  1,  because  the  electrolysis  unit  was  de- 
signed to  operate  in  an  ambient  temperature  near  70°  F.  After  three  shutdowns  by 
excessive  Cell  1 voltage,  and  consultation  with  General  Electric  Company,  the  cur- 
rent was  adjusted  to  15  amps  and  life  testing  was  resumed. 

Typical  coll  voltages  in  a G2°F  ambient  tomporaturr  at  15  amps  were: 

Cell  Nos.  i ^ :i  i.  ii  ii 

Voltages  1.87  1.74  1.73  1.73  1.75  1.78 

At  an  ambient  temperature  of  7(i°F,  the  coll  voitages  were  as  follows: 

Cell  Nos.  1 2 3 4 .S  ii 

Voltages  1.81  1.71  1.71  1.71  1.72  1.75 

Those  data  indicate  that  Cell  No.  1 voltage  is  more  sensitive  to  ambient  temperature 
than  the  other  cells.  The  data  also  indicates  that  the  high  voltage  in  Cell  No.  1 can- 
not bo  attributed  entirely  to  the  ambient  temperature,  because  the  voltage  is  higher 
than  normal  even  at  an  ambient  temperature  of  7()°F. 

The  life  test  was  continued  with  a high  power  current  of  It?  to  16  amps.  The  low 
power  current  of  5 to  6 amps  was  maintained  according  to  the  original  plans.  The 
life  test  continued  without  incident  through  the  pltumod  completion  date  of  Jiuie  20, 
1974.  The  modified  electrolysis  unit  and  propellant  feed  system  operated  norjvially 
during  the  14  weeks  of  testing. 

a.  Performance 

The  electrolysis  unit  performance  data  shown  in  Table  5 indicates  that  per- 
formance of  the  electrolysis  imit  remained  unchanged  during  the  11  weeks 
of  testing.  Cell  No,  1 niaintainod  a somewhat  higher  voltage  than  the  other 
cells  during  oixsration  at  15-lG  amps.  The  voltage  increment  became  less 
as  ambient  temperature  increased.  There  was  no  difference  in  voltage 
among  the  six  cells  during  low  power  operation.  It  appears  that  a slight 
blockage  of  the  water  passage  to  Coll  No.  1 was  responsible  for  its  higher 
voltage  in  high  power  operation. 

b.  Gas  Separation 

Tests  of  oxygen  and  hydrogen  flowing  through  the  catalyst  bod  and  the 
humidity  indicator  at  the  end  of  the  14-week  test  showed  tliat  there  was  no 
mixing  of  hydrogen  and  oxygen  within  the  electrolysis  unit,  and  the  dew- 
point of  the  gases  was  below  -70°F  after  the  gases  passed  through  the 
desiccant  cartridges. 
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Rust  in  Oxygen  Outlet 

The  check  valve  C-2  on  the  oxygen  outlet  from  the  electrolysis  unit  bad  failed 
to  function  on  two  occasions  during  the  life  test  of  the  original  electrolysis 
unit  because  of  rust  buildup.  The  check  valve,  made  of  31fi  stainless  steel, 
was  cleaned  and  reinstalled  twice  during  the  19  weeks  of  testing  of  the  origi- 
nal electrolysis  unit. 

Another  check  valve  of  the  same  model,  but  made  from  Carpenter  20,  was 
procured  from  Circle  Seal  for  use  with  the  modified  electrolysis  unit.  This 
chock  valve  did  not  rust  and  operated  satisfactorily  during  the  14-week  life 
test  of  the  repaired  electrolysis  unit,  indicating  that  substitution  of  Carpenter 
20  for  316  stainless  steel  eliminated  the  problem  of  rusting.  The  disassem- 
bled Carpenter  20  check  valve  after  14  weeks  of  testing  is  shown  in  Figure  27. 

Examination  of  Desiccant  Cartridges 

The  two  desiccant  cartridges  were  opened  and  examined  after  19  weeks  of 
testing  the  original  electrolysis  unit  and  also  after  14  weeks  of  testing  the 
modified  electrolysis  unit. 

The  oxygen  desiccant  cartridge,  made  of  tin  plated  steel,  was  badly  rusted 
by  the  oxygen  as  shown  in  Figure  2S. 

The  desiccant  cartridge  in  the  hydrogen  outlet  was  not  rusted,  but  at  the  con- 
clusion of  testing  of  the  modified  electrolysis  unit,  a pool  of  liquid  smelling 
like  vinegar  was  found  on  the  top  of  the  inner  cartridge,  as  shown  in  Figure 
29.  The  pH  of  the  liquid  was  4.2. 

The  weight  of  water  collected  by  the  hydrogen  desiccant  cartridge  was  0.  57 
pounds  and  an  additional  0. 93  pounds  of  water  was  found  between  the  car- 
tridge and  the  case  which  is  separated  f:  om  the  gas  outlet.  The  desiccant 
was  therefore  working  properly.  The  desiccant  cartridge  can  remove  a 
minimum  of  1.2  pounds  of  water  from  the  gas  stream  and  was  therefore  not 
saturated,  as  evidenced  by  the  -70°F  measured  dewpoint  of  the  hydrogen. 

The  weight  of  water  from  the  saturated  hydrogen  depends  on  the  temperature 
of  the  electrolysis  unit,  which  was  generally  between  80°F  and  120°F  during 
the  life  test.  A total  of  201  pounds  of  water  were  electrolyzed  during  the 
entire  life  test  program,  which  would  Ixj  expected  to  produce  between  0.  51 
pounds  of  water  at  80°F  to  1.73  pounds  of  water  at  120°F.  Therefore,  the 
total  of  1.  5 pounds  of  water  collected  in  the  hydrogen  desiccant  is  consistent 
with  the  theoretical  predictions. 


Figure  27.  Disassembled  Carpenter  20  Check  Valve  After  14  Week  Life  Test 


The  weight  of  water  collected  by  the  oxygen  desiccant  could  not  be  determined 
because  the  extensive  rusting  of  the  tin  plated  cartridge  prevented  removal  of 
the  cartridge.  A Carpenter  20  cartridge  would  be  required  for  the  oxygen 
cartridge  to  avoid  rusting. 

e.  V^ater  Purity 

i.e  solid  polymer  electrolyte  (SPE)  in  the  electrolysis  unit  is  an  ion  exchange 
medium.  Therefore,  the  water  supplied  to  the  SPE  should  have  low  levels  of 
ionic  and  particulate  contamination  so  that  the  ion  exchange  capacity  ol  the 
SPE  will  be  maintained. 

General  Electric  Company  specified  that  ionic  contamination  of  the  water 
should  be  low  enough  that  the  electrical  resistance  of  the  water  should  be 
2 megohm-cm.  By  use  of  a stainless  steel  water  supply  system  and  strict 
cleaning  procedures,  it  was  shown  during  the  life  test  program  that  this 
requirement  for  low  ionic  contamination  can  be  met  without  using  a deionizer. 

A Millipore  filter  was  also  plaeed  in  the  water  supply  system  to  prevent  par- 
ticulate contamination  from  reaching  the  electrolysis  unit.  A filtration  test 
was  made  on  the  water  after  being  stored  in  the  stainless  steel  water  tank 
for  seven  months.  A colloidal  tan  colored  deposit  weighing  0.5  milligrams 
was  collected  from  7058  grams  of  water.  A semiquantitative  analysis  showed 
that  the  principal  constituents  of  the  deposit  were  iron,  silicon  and  magnesium. 

General  Electric  Company  made  an  analysis  of  the  effect  oi  this  level  of  par- 
ticulate contamination  on  the  electrolysis  unit  if  the  Millipore  filter  was  not 
used  in  the  water  supply  system.  In  that  case,  the  water  feed  barrier  mem- 
branes, with  an  area  of  0. 23  ft^  per  cell,  would  filter  ionic  or  particulate 
contamination  from  the  water  and  thereby  nrotect  the  SPE  membrane  from 
any  effect  of  contiunination.  The  analysis  determined  that  if  all  such  contam- 
ination from  the  300  pounds  of  water  w<jre  concentrated  in  one  WFB  (water 
feed  barrier),  a very  conservative  assiunption,  the  only  effect  would  be  to 
decrease  the  WFB  hydraulic  permeability  by  17  ixircent.  However,  water 
transport  across  the  WFB  does  not  deix>nd  on  hydraulic  permeability,  but 
can  bo  accomplished  by  evaporation  even  with  small  pressure  drop  across 
the  WFB.  Therefore,  the  somewhat  decreased  hydraulic  permeability  has 
a completely  negligible  effect  on  the  SPE,  with  a predicted  change  in  voltage 
of  less  than  0.001  volts. 

12.  SUMMARY  OF  LIFE  TEST  RESULTS 

The  results  of  the  life  test  lead  to  the  following  conclusions: 

a.  The  propellant  supply  system  operated  satisfactorily  throughout  imibient 
sea  level  temperatures  from  44°F  to  100°F. 
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b.  Tho  propellant  supply  system  underwent  256  blowdown  cycles,  during  which 
all  pressure  switches  operated  satisfactorily. 

c.  The  electrolysis  unit  entered  the  standby  mode  230  times  during  the  life  test, 
during  which  time  the  system  operated  satisfactorily. 

d.  The  modified  electrolysis  unit  operated  for  14  weeks,  consumed  83  pounds 
of  water,  and  produced  propellants  with  an  impulse  of  29,  000  pound  seconds, 
without  any  change  in  performance. 

e.  One  of  the  six  cells  of  the  modified  electi-olysis  unit  had  abnormally  high 
voltage  in  the  high  power  mode.  This  condition  could  have  been  avoided 
by  more  extensive  acceptance  testing. 

f.  No  problems  were  encountered  during  life  testing  of  the  modified  electrolysis 
unit  which  would  prevent  satisfactory  long  life  operation. 

g.  The  propellant  supply  system  does  not  require  a deionizer. 

h.  The  propellant  supply  system  does  not  require  a water  filter. 

i.  Rusting  of  the  lines,  check  valve,  pressure  transducer  and  desiccant  car- 
tridge in  the  oxygen  outlet  system  can  be  eliminated  by  using  Carpenter  20 
components.  No  rusting  occurred  anywhere  in  the  hydrogen  system  or  in 
the  oxygen  system  downstream  of  the  desiccant. 


SECTION  in 


5-POUND  THRUST  ROCKET  ENGINE 


The  objective  of  the  5-pound  thrust  engine  program  was  to  develop  a flight  type 
gaseous  o^^gen-gaseous  hydrogen  rcoket  engine  which  operates  on  the  oxygen  and 
hydrogen  produced  by  the  electrolysiis  oyslcm.  The  design  goal  for  the  thruster  was 
350  seconds  of  specific  impulse  at  a n^Kture  ratio  of  8.  The  thruster  must  have  the 
capability  of  operating  at  50  millisecoivds  pulse  width  to  steady  state  operation  and  a 
life  in  excess  of  150, 000  firir-gs  and  5 hours  of  accumulated  burn  time. 

1.  SUMMARY  OF  RESULTS  FROM  PROGRAM 

During  this  program,  three  thrusters  were  built  and  tested  under  simulated  space- 
craft environmental  and  feed  system  conditions. 

Thruster  No.  1 (P/N  X29069)  was  used  as  the  system  test  thruster  and  accumu- 
lated 1,210  pulses  and  4.35  hours  of  firings  using  propellants  generated  by  the 
electrolysis  system. 

Thruster  No.  2 (P/N  X29385)  was  the  first  flight  type  thruster  tested.  The 
injector  was  fabricated  of  Columblum  C-103.  This  thruster's  test  program 
was  terminated  after  20,309  firings  due  to  a brittle  stress  failure  of  the 
injector.  The  total  accumulated  burn  time  on  tnis  thruster  was  2,684  seconds. 

Thruster  No.  3 (P/N  X28680)  was  the  final  flight  configuration  to  be  tested  and 
is  shown  in  Figure  30  after  the  completion  of  the  test  program.  This 
thruster's  injector  was  fabricated  of  Nickel  200.  The  test  program  was  com- 
pleted satisfactorily  with  150,025  ignitions  and  4.25  hours  of  bum  time. 
Performance  of  the  thruster  with  a 40:1  exit  nozzle  expansion  area  ratio  was 
355  seconds  (Figure  31)  as  documented  by  thrust  measurements.  At  1/3  of 
nominal  thrust,  the  specific  impulse  was  325  seconds.  At  50  ms  electrical 
pulse  width,  the  Igp  was  greater  than  320  seconds  (Figure  32).  Variability  of 
the  Isp  at  short  pu^e  widths  was  significant  and  affected  by  valve  response 
and  inlet  pressure.  Ignition  of  the  thruster  was  100%  reliable  down  to  inlet 
pressures  of  50  psia  or  1/4  of  the  nominal  inlet  pressure. 

2.  ENGINE  DESIGN 

The  design  of  the  5-pound  thrust  rocket  engine  used  in  the  three  test  series  was  based 
on  the  results  of  the  test  program  conducted  on  the  Development  Rocket  Engine  which 
is  described  in  Reference  1.  The  basic  effort  in  this  program  was  to  further  verify 
the  adequacy  of  the  design  criteria  while  orienting  the  actual  design  toward  a flight 
type  configuration. 
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LBF  SEC 


ELECTRICAL  PULSE  WIDTH  - MS. 

Figure  32.  5 Lbf.  Engine  ISP  Vs.  Electrical  Pulse  Width 


Basic  Design  Criteria 


The  basic  design  characteristics  of  the  5-pound  thrust  rocket  engine  arc  shown 
in  Table  6.  The  configuration  represents  Thruster  No.  3 which  successfully 
demonstrated  the  requirements  of  the  program  (150,000  seconds  and  5 houi's 
of  burn  time). 

The  thruster  consists  of  individual  elements  wliich  are  bolted  together.  The 
major  elements  are: 

. Nickel  200  injector 

. Molybdenum  combustion  chamber 

. Marquardt  propellant  valve 

. General  Laboratory  Associates  spark  exciter 

Injector 

The  5-pound  thrust  engine  injector  consists  of  6 coaxial  premix  injection 
elements  surrounded  by  thirty-six  0.25  in,  diameter  film  cooling  holes. 

Each  premix  element  consists  of  a . 075  in.  diameter  oxidizer  orifice  surrounded 
by  three  . 025  in.  diameter  H2  orifices.  The  hydrogen  is  impinged  on  the  oxygen 
using  a plate  which  has  a . 075  in.  diameter  hole. 

The  hydrogen  orifices  are  located  on  a 0. 13  in.  diameter,  thus  forcing  the  gas 
to  turn  a 90°  angle  into  the  oxygen  gas.  The  gap  between  the  injector  and  pre- 
mix plate  (see  Figure  33,  Drawing  X29380)  is  0. 175  to  0, 18  inches  deep. 

Approximately  80%  of  the  hydrogen  gas  is  used  as  film  cooling  and  is  controlled 
by  an  oriJDlce  which  can  be  adjusted  to  the  individual  requirements. 

This  injector  design  was  used  on  all  three  configurations  and  is  nearly  identical 
to  the  previously  referred  "development  thruster. " The  only  difference  between 
the  "development  thruster"  and  the  three  thrusters  tested  is  that  the  six  pre- 
mix orifices  are  parallel  to  the  thruster  axis,  while  the  development  thruster 
had  the  six  premix  orifices  turned  inward  at  15'^. 

Spark  Plug 

The  spark  plug  used  in  the  5-pound  engine  is  a Champion  (FHE-231A)  type  with 
the  shunt  (semiconductor)  material  removed.  The  spark  plug  or  "igniter"  is 
located  in  the  center  of  the  injector  surrounded  by  the  six  element.^.  The  tip 
of  the  plug  is  approximately  0. 05  in.  inside  of  the  injector  face  and  a 0. 062  in. 
diameter  hole  separates  the  tip  from  the  combustion  chamber. 


TABLE  6.  5-LBF  THRUSTER  DESIGN  CHARACTERISTICS 

1.  5 Ibf  at  50  psia  Chamber  Pressure 

2.  Blowdown  Capability  to  15  psia  (1. 5lbf) 

3.  Combustion  Chamber  - Exit  Nozzle 

a.  Molybdenum  Coated  vi  th  MoSi 

A 

b.  Contraction  Area  Ratio  - 10:1 

c.  Expansion  Area  Ratio  - 40 

4.  Fuel  Film  60%  - Radiation  Cooled 

5.  Nickel  200  Injector 

a.  Six  Premix  Coaxial  Elements 

b,  FHE  23 lA  Spark  Igniter  (Champion)  Modified 

6.  Low  Power  Bipropellant  Valve  (Marquardt) 


Figure  33.  5 Lbf.  Injector  Assembly 


Valve 


The  valves  used  in  Configuration  1 were  the  Marquardt  R-4D  coaxial  valves 
which  consame  50  watts/valve.  The  sealing  surface  is  composed  of  a soft 
flexible  Teflon  seal  and  a metal  to  metal  backup. 

The  Marquardt  bipropellant  valve,  X29258,  was  used  for  Configurations  2 and 
3.  This  valve  is  a modified  version  of  the  X24572  bipropellant  valve  developed 
under  Air  Force  contract.  The  original  valve  had  a power  consumption  of 
56  watts  and  utilized  a hard  seat  for  sealing.  The  design  was  revised  to 
incorporate  a soft  seat  TFE  and  the  power  consumption  was  reduced  to  21  watts 
through  the  use  of  a 39  ohm  coil.  In  turn,  the  response  of  valve  was  sig- 
ni  aantly  lengthened.  The  valve  opening  time  with  the  revised  coil  is  on  the 
order  of  30-40  rns.  compared  to  10-15  ms.  for  the  56  watt  valve. 

Combustion  Chamber 

The  combustion  chamber  and  exit  nozzle  are  constructed  of  MoSi2  coated 
molybdenum.  The  design  of  the  thruster  is  nearly  identical  to  that  used  in 
the  development  thruster  except  that  the  thick  section  at  the  throat  previously 
used  was  reduced  in  thickness  to  minimize  thermal  stresses.  Two  combustors 
were  evaluated  during  this  program,  with  the  only  variation  being  L*,  The  L*'s 
of  the  two  were  4,  2 inches  and  5 inches  with  the  larger  L*  combustor  used  for 
the  Configui\idon  No,  3 tests. 

General  Configuration  and  Design  Criteria 

The  thruster  and  valves  are  designed  for  ease  of  disassembly  while  maintaining 
zero  leakpaths. 

The  valves,  injector,  and  combustor  are  connected  by  AN  fittings  and  con- 
ventional bolts.  The  spark  plug  is  installed  in  the  thruster  through  a threaded 
fitting. 

3.  TEST  PROGR.yVI 

a.  Test  Facility 

Marquardt's  Test  Cell  9 was  used  for  all  hot  firing  tests  conducted  on  the  three 
thrusters.  The  test  cell  is  a 4,000  cubic  foot  steel  sphere,  20  feet  in  diameter, 
”ated  for  pressures  from  0,0009  to  160  psia.  Vacuum  capability  is  provided 
by  a 5-stage  steam  ejector  system.  The  feed  system  and  engine  flow  sehematic 
for  the  thruster  is  shown  on  Figure  34. 
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b.  Test  Sequence 

The  test  program  for  Thruster  No.  1 which  was  used  in  the  system  life  test 
consisted  of  a series  of  steady  state  and  pulsing  runs  to  document  its  capability 
to  operate  in  the  System  Test. 

The  test  program  conducted  on  Thrusters  No.  2 and  3 were  designed  to  docu- 
ment the  performance  over  a range  of  pressures,  temperatures,  and  duty 
cycles.  The  basic  requirements  are: 

(1)  Performance  and  thermal  characterization. 

(2)  Duty  cycle  demonstration  by  performing  150,000  pulses  ranging  from  50  ms. 
to  steady  state  and  the  accumulation  of  5 hours  of  burn  time. 

All  tests  conducted  on  the  5-pound  thrust  rocket  engine  utilized  the  GLA  spark 
exciter  which  provided  approximately  10  millijoules  of  energy  per  spark. 

4.  TEST  RESULTS 

a.  Configuration  No.  1 

The  P/N  X29069  Thruster  shown  in  Figure  35  was  designed  to  be  used  in  the 
water  electrolysis  system  and  to  replace  the  previous  program's  thruster 
which  failed  after  70, 000  cycles.  The  details  of  the  injector  are  shown  on 
Figures  36  and  37.  Figures  38  and  39  (which  were  taken  after  conclusion  of  the. 
life  test)  show  the  injector  and  assembly  (less  spark  exciter).  This  thruster 
was  tested  in  Cell  9 prior  to  inclusion  in  the  system  test.  The  test  results 
indicated  a specific  impulse  of  350  seconds  at  5 pounds  thrust  dropping  to 
315  seconds  at  2 pounds.  The  equilibrium  wall  temperature  at  the  throat  was 
2500°F  at  the  end  of  a 40-second  firing.  A total  of  40  firings  were  conducted 
on  the  thruster  prior  to  its  transfer  to  Pad  D for  the  life  test  program. 

The  Configuration  No,  1 was  used  for  the  entire  life  test  sequence,  where  it 
accumulated  1,210  firings  and  4.35  hours  of  burn  time. 

At  the  ccmpletion  of  the  test  program,  the  engine  was  removed  from  the  system 
and  examined.  Figures  40,  41,  and  42  show  the  injector  and  combustor.  The 
nickel  injector  shows  a slight  erosion  around  the  spark  plug  hole  and  one  crack 
is  evident  on  a premix  orifice  at  the  9 o'clock  position.  The  spark  plug  tip 
was  apparently  corroded  or  galled  within  the  injector  and  could  not  be  removed. 
This  was  probably  caused  by  the  small  clearance.  The  clearance  was  increased 
on  the  final  design  and  the  spark  plug  did  not  stick  in  the  injector.  The  throat 
section  of  the  combustor  was  not  eroded,  but  as  shown  in  Figure  42,  a significant 
amount  of  "pockmarks"  are  evident  on  the  outside  and  some  were  also  on  the 
inside.  Although  a significant  amount  of  testing  was  accomplished  at  sea  level, 
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Figure  37.  Outer  Injector  and  Flange  * 5 Lbf,  Thruster,  Configuration  No. 


Figure  39.  5 Lbf.  Thruster  Assembly,  Configuration  No. 


the  loss  of  coating  did  not  degrade  the  thruster’s  ability  to  operate.  The  corrosion 
shown  was  observed  halfway  through  the  program,  and  it  is  hypothesized  that 
improper  cleaning  procedures  were  used  in  coating  the  molyMenum  as  only 
1/2  of  the  exit  nozzle  shows  this  corrosion.  The  other  side  (not  shown)  was 
relatively  void  of  the  corrosion. 

Leakage  checks  of  the  two  valves  indicated  zero  leakage  in  snoop  with  GN2 
pressurant  and  no  liquid  leakage.  The  valve  response  data  indicated  no  change 
in  opening  or  closing  time. 

Configuration  No.  2 

Configuration  No.  2 was  the  initial  flight  type  configuration  to  be  tested. 

Figure  43  shows  Thruster,  P/N  X29385,  and  the  injector  details,  P/N  X29380, 
are  shown  in  0 .gure  33.  The  design  of  the  thruster  was  oriented  toward  high 
temperature  capability  material.  Thus  C-103  Columbium  and  6AL-4V  titanium 
were  used  in  the  injector  while  molybdenum  was  used  for  the  combustor.  As 
discussed  previously,  theMarquardt  bipropellant  valve  was  used  to  control 
the  propellant  and  the  propellant  mixture  was  ignited  using  the  GLA  spark 
exciter  which  is  described  in  detail  in  Appendix  A. 

The  injector  assembly  and  the  individual  components  used  to  make  up  this 
thruster  are  shown  in  Figures  44,  45,  and  46.  Figure  44  shows  the  main 
injector  with  the  6 oxygen  and  18  hydi’ogen  jets  (lower  left  of  photo),  the  pre- 
mix section  and  36  hydrogen  film  cooling  holes  (upper  left),  and  the  feed 
manifold  and  attach  flange.  The  latter  is  fabricated  of  titanium  and  the  two 
former  of  C-103  Columbium.  Figure  45  shows  the  complete  exploded  view 
of  the  thruster  (less  exciter),  and  Figure  46  shows  the  partially  assembled 
thruster.  Figure  47  shows  the  thruster  installed  in  the  Cell  9 test  facility. 

(1)  Cold  Flow  and  Orifice  Calibration 

Cold  flow  calibration  was  made  to  determine  the  sizes  of  both  the  main 
trim  orifice  and  the  split  of  hydrogen  behveen  the  main  orifices  and  the  film 
cooling  orifice.  The  thruster  is  designed  to  operate  at  50  psia  with  a 
200  psia  inlet,  thus  sonic  or  choked  orifices  are  used  to  control  the  flow. 
These  two  sharp  edged  orifices  are  installed  between  the  valve  and  the 
injector  feed  tubes. 

Downstream  of  the  sonic  hydrogen  orifice,  two  subsonic  orifices  arc 
located  which  are  sized  to  provide  the  right  amount  of  film  cooling.  In 
the  case  of  this  design,  60  percent  film  cooling  is  used. 


Figure  43.  5 Lbf.  Tlmister,  Configuration  No. 


Figure  46.  Pa ally  Assembled  5 Lbf.  Thrustei,  Configuration  No. 


1 t*^. 
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(2)  Test  Program  and  Results 

Baseline  performance  tests  of  Configuration  No.  2 (Figure  43)  showed  a 
specific  impulse  of  353  seconds  and  an  equilibrium  wall  temperature  at 
steady  state  of  2400°F.  Following  completion  of  the  baseline  performance 
and  thermal  test  series,  the  life  test  was  initiated.  At  initiation  of  the 
life  test,  765  seconds  of  firing  time  and  328  ignitions  had  been  accumulated. 
Table  7 documents  the  test  conducted  on  this  thruster, 

(a)  Life  Test 

A series  of  pulse  firings  of  various  durations  and  rates  were  accom- 
plished on  Configuration  No.  2 in  an  effort  to  accumulate  150, 000 
starts  and  5 hours  of  firing  duration.  Three  pulse  rates  and  widths 
were  used: 

Series  A - , 05  seconds  on,  .45  seconds  off  (had  3000  firings 
per  sequence) 

Series  B - , 10  seconds  on,  . 90  seconds  off  (had  1130  firings 
per  sequence) 

Series  C - . 25  seconds  on,  .75  seconds  off  (had  865  firings 
per  sequence) 

This  series  was  to  be  repeated  6 times  at  5 pressure  levels. 

At  the  end  of  the  first  day's  testing  and  after  742  seconds  and  8,260 
firings,  an  inspection  of  the  thruster  was  made.  A white  deposit 
was  observed  in  the  area  of  the  throat  but  no  other  anomalies  were 
observed.  During  the  second  day's  testing,  sparks  were  being 
ejected  from  the  thruster,  but  a baseline  test  after  an  additional 
1,721  starts  and  1, 177  seconds  of  firing  indicated  no  throat  erosion. 
Inspection  of  the  thruster  indicated  that  the  C-103  injector  had 
suffered  hydrogen  embrittlement  and  numerous  cracks  were  observed, 
especially  around  the  film  cooling  orifices.  The  thruster  was 
removed  from  the  test  cell  for  failure  investigation  after  2,684 
seconds  of  operation  and  20,309  starts. 

(b)  Failure  Investigation 

Upon  disassembly  of  the  thruster,  the  following  anomalies  were 
observed: 
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. A white  deposit  was  present  in  the  combustion  chamber  and 
throat  portions  of  the  molybdenum  combuster  (see  Figure  48). 

. Numerous  cracks  were  observed  in  the  injector,  especially 
around  the  film  cooling  holes.  One  large  crack  was  evident  at 
the  spark  plug  hole.  In  addition,  a white  deposit  was  observed 
on  the  face  of  the  injector  and  in  the  six  premix  orifices 
(see  Figure  49). 

. The  MS5033-14  bolts  and  M521043-4  nuts  holding  the  chamber 
to  the  injector  were  overtorqued  by  75  inch-pounds.  The  nominal 
value  was  25  inch-pounds.  The  actual  value  was  100  inch-pounds. 

The  deposit  on  the  combustion  chamber  was  analyzed  and  determined 
to  be  Columbium  oxide,  while  the  cracks  in  the  injector  face  were 
determined  to  be  intergranular  and  were  caused  by  hydrogen 
embrittlement  of  the  Columbium  C-103. 

j It  was  concluded  that  the  injector  failed  along  the  intergranular  grain 

j boundaries  due  to  the  overstress  condition  caused  by  overtorquing  of 

I the  chamber  attach  bolts.  The  brittle  failure  was  brought  on  by 

i hydrogen  embrittlement  at  temperatuies  above  1000°F.  The 

Columbium  oxide  deposit  was  the  result  of  oxidation  of  the  Columbium 
! in  the  premix  orifices. 

c.  Configuration  No.  3 

j Analysis  of  the  results  of  the  tests  and  failure  investigation  conducted  on 

Configuration  No.  2 showed  that  the  use  of  Columbium  was  not  suitable  for  the 
I design.  The  design  is  oriented  toward  maintaining  the  exciter  and  valve  at 

I relatively  low  temperatures  (250^F).  In  isolating  these  components,  the 

s injector  by  necessity  will  attain  temperatures  of  1000°F.  (Later  tests  verify 

5 that  the  equilibrium  temperature  at  the  injector  during  pumping  pulse  duty 

\ cycles  is  900-1000°F. ) 

t 

V 

The  most  suitable  material  for  use  in  this  range  was  found  to  be  nickel  (which 
was  also  used  on  Configuration  No.  1).  It  has  good  oxidation  resistance  and 
a high  thermal  conductivity  which  :.iinimizes  thermal  stress. 

The  Configuration  No.  3 design  was  modified  to  utilize  a Nickel  200  injector. 

All  other  design  criteria  were  identical  to  tliat  used  on  the  prior  configurations. 
Figure  50,  P/N  X28680,  shows  the  thruster  assembly.  It  is  essentially 
identical  to  Configuration  No.  2 except  that: 

. The  combustor  is  attached  to  the  injector  using  long  bolts  and  the  valve 
mount  plate  as  the  support. 
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Figure  50.  5 Lbf.  "jn-ruster.  Configuration  No. 


. The  trim  orifices  were  changed  to  fit  into  AN  fittings. 

Figures  51  and  52  show  the  assembled  thruster  prior  to  installation  in  Cell  9, 

(1)  Pretest  Calibration  and  Thruster  Evaluation 

The  thruster  was  weighed,  leak  checked,  and  cold  flow  calibrated  prior  to 
installation  in  Cell  9.  Table  8 lists  the  weight  of  the  individual  parts, 
part  nvimber,  and  the  projected  flight  weight.  The  actual  weight  of  the 
thruster  is  4.  5 poimds  (less  exciter)  with  a projected  weight  of  2.  9 pounds. 

Cold  flow  calibration  and  orificing  resulted  in  a thruster  vAiich  uses  approxi- 
mately 60%  of  the  fuel  as  film  coolant.  The  thruster  was  designed  to  give 
5 pounds  of  thrust  at  200  psia  inlet,  but  the  final  tests  indicated  a thrust 
of  4.  8 pounds  at  200  psia.  This  was  due  to  a variation  in  the  point  at  which 
the  inlet  pressure  was  measured. 

(2)  Test  Program 

The  test  program  conducted  on  the  Configuration  No.  3 thruster  was  nearly 
identical  to  that  conducted  on  Configuration  No.  2.  A series  of  steady 
state  and  pulse  firings  were  accomplished  prior  to  the  life  test  to  document 
both  performance  and  thermal  characteristics.  Figures  31,  32,  and  53 
show  tlic  steady  state  and  pulse  performance  of  the  thruster  as  a function 
of  mixtuve  ratio,  thrust,  and  electrical  pulse  width.  The  speciiic  impulse 
of  the  thruster  at  nominal  thrust  (O/F  = 7.934)  is  355  seconds. 

Following  the  conclusion  of  the  performance  and  documentation  tests,  a 
life  test  series  was  conducted  for  the  purpose  of  accumulating  150,000 
pulses  and  5 hours  of  life.  The  life  test  run  consisted  cf  50  and  100 
millisecond  firings  plus  steady  state  firings.  Blowdown  tests  were  not 
conducted  since  this  characteristic  had  been  demonstrated  during  the  life 
test  with  Configuration  No,  1. 

(a)  Performance 

The  results  of  the  performance  tests  conducted  on  Configuration  No.  3 
are  shown  on  Figures  31,  32,  and  53. 

Figure  53,  specific  impulse  versus  mixture  ratio,  indicates  a specific 
impulse  of  355  seconds  at  the  stoichmctric  mixture  ratio  of  7.  934. 
Performance  increases  as  thrust  is  increased  and  mixture  ratio  is 
decreased  due  to  the  change  in  reaction  kinetics  (as  it  affects  thrust) 
and  a change  in  theoritical  performance.  The  maximum  heat  release 
increases  as  the  mixture  ratio  decreases.  The  performance  of  the 
thruster  as  a function  of  thrust  is  shown  on  Figure  31.  Perforn  ane' 
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Figure  52.  5 Lbf.  Thruster,  Configuration  No. 


TABLE  8.  5 LBF  THRUSTER  PART  NUMBER  AND  WEIGHT  SUMMARY 


Orifice 

X28686 

NIL 

NIL 

Solenoid  Valve,  Bipropellant 

X29258 

1.  95  lbs. 

1.  1 lbs. 

Spacer 

X29378 

NIL 

NIL 

Ring,  Split 

X29382 

.31  lbs. 

. 20  lbs. 

Ring,  Attach 

X29381 

.31  lbs. 

.20  lbs 

Insulator 

X29386 

NIL 

NIL 

Combustion  Chamber 

X29383 

.33  lbs. 

.30  lbs. 

Spark  Plug 

X28687 

. 06  lbs. 

. 06  lbs. 

Spacer 

X28684 

NIL 

NIL 

Plate,  Mounting 

X28683 

.70  lbs. 

. 35  lbs. 

Standoff  Assembly 

X28682 

. 13  lbs 

. 13  lbs. 

Plate  Assembly  Spacer 

X28685 

. 13  lbs. 

. 1?  lbs. 

Injector  Assembly 

X28681 

. 60  lbs. 

.43  lbs. 

Rocket  Engine  Assembly 

X28680 

4. 52  lbs. 

2.  9 lbs. 

i 
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characteristics  down  to  1.5  pounds  were  documented.  Below  1.5 
pounds,  ignition  of  the  thruster  was  not  attained.  This  lower  limit 
is  identical  to  that  obtained  in  the  prior  program  using  an  identical 
design  (Reference  1). 

Tables  9 and  10  list  the  data  applicable  to  the  performance  evalua- 
tion for  both  steady  state  and  pulse  firing  conditions.  The  pulse 
performance  data  shown  in  Table  10  is  also  plotted  on  Figures  32 
and  54.  Figure  54  shows  the  impulse  bit  as  a function  of  thrust 
level  and  electrical  pulse  width,  while  Figure  32  shows  the  specific 
impulse  as  a function  of  the  same  parameters.  As  the  inlet  px-essure 
increases,  the  valve  opens  slower  and  thus  the  same  electrical 
pulse  width  at  the  higher  inlet  pressure  results  in  a shorter  valve 
open  time  (VOT).  As  the  VOT  decreases,  the  performance  would 
decrease  because  a greater  percent  of  the  time  is  devoted  to  the 
ignition  process. 

Figure  55  shows  that  the  valve  is  sensitive  to  inlet  pressure.  In 
fact,  the  valve  would  not  open  at  300  psia  inlet  pressure,  which 
corresponds  to  7. 5 pounds  thrust. 

As  a result,  when  a 50  ms.  firing  is  conducted,  the  valvj  delay  may 
affect  the  impulse  bit,  since  the  time  to  close  is  relatively  constant, 
This  is  reflected  in  the  time  to  90^  where  the  delay  is  significant  at 
6-7  pounds,  while  the  time  to  10%  is  relatively  constant. 

Figures  56  through  59  show  typical  engine  firing  recorc's  for  various 
pulse  widths.  The  thrust  trace  and  chamber  pressure  trace  show 
very  little  roughness  and,  in  fact,  the  roughness  over  the  entire 
thrust  and  mixture  ratio  range  was  less  than  5%. 


(b)  Test  Results  - Thermal 

The  use  of  60%  fuel  film  cooling  results  in  a maximum  chamber 
temperature  of  2500°F.  Figure  60  shows  the  results  of  the  thermal 
runs  where  maximum  chamber  temperature  is  plotted  against  thrust. 
The  maximum  injector  temperature  that  occurs  during  steady  state 
operation,  and  is  nearly  the  same  during  pulsing  cycles  of  significant 
duration,  is  approximately  lOOO^F.  In  all  cases,  the  valve  and  exciter 
temperature  is  well  below  200’^F. 


(c)  Life  Test 

The  Configuration  No.  3 thruster  successfully  completed  150,000 
cycles  and  approximately  4.  2 hours  of  firing  time  during  the  life  test. 
The  maxim.um  run  duration  was  3600  seconds  while  a majority  of  the 
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TABLE  9.  STEADY  STATE  PERFORMANCE,  5 LBF  CONFIGURATION  NO.  3 


RUN 

DURATION 

JL 

O/F 

9* 

ISP 

;'4 

^ec.) 

(Ijba. ) 

(li/Sec) 

(^ec.) 

iC' 

i 

545 

4 

4,  56 

8,05 

6404 

337 

f 

546 

6 

4.67 

8.04 

6541 

349 

547 

6 

4.68 

8. 10 

6560 

350 

ft 

% 

548 

5 

4.78 

7.93 

6630 

357 

1 

554 

1 

4.84 

8.11 

6702 

359 

f 

555 

3 

4.66 

8. 10 

6616 

348 

563 

1 

4,74 

8. 37 

6479 

344 

'll 

565 

1 

6,  82 

8. 15 

6826 

364 

566 

1 

6.  86 

8. 15 

6836 

366 

;t’ 

595 

2 

4.77 

8.11 

6604 

354 

'f 

596 

2 

4.  80 

8.11 

6660 

356 

597 

2 

4.68 

8.11 

6688 

347 

i 

598 

2 

4.  81 

8.04 

6752 

360 

i 

599 

2 

4.78 

8.10 

6743 

358 

1 

600 

5 

4.  74 

8. 10 

6645 

355 

j 

601 

5 

4.  70 

8. 10 

6574 

352 

611 

2 

4.  83 

8. 16 

6679 

359 

612 

2 

4.60 

8.16 

6469 

342 

V 

613 

2 

4.81 

8. 16 

6693 

357 

\ 

Cl 

614 

2 

4.  64 

8. 16 

6553 

345 

4 

1 

618 

2 

4.69 

8. 04 

6471 

i51 

619 

2 

4.69 

8.04 

6499 

351 

n 

620 

2 

4.69 

8. 04 

6541 

350 

621 

2 

3.  02 

7.86 

6375 

348 

i 

622 

2 

2.  99 

7.38 

6499 

347 

1 

623 

2 

3,04 

7.45 

6572 

352 

1 

624 

2 

2. 17 

7.36 

6566 

360 

1 

629 

2 

2.27 

7.07 

6533 

375 

630 

2 

2.  02 

7.16 

6842 

335 

1 

635 

2 

.736 

7.16 

No  Data 

118  No  Ignition 

636 

2 

.769 

7.22 

No  Data 

125  No  Ignition 

1 

637 

2 

.701 

7.38 

No  Data 

114  No  Ignition 

338 

2 

.769 

7.07 

No  Data 

110  No  Ignition 

iK 

639 

2 

1.70 

7.35 

No  Data 

339 

■ f'l 

640 

2 

1.75 

7.66 

No  Data 

337 

'.ii 

641 

2 

1.  83 

8.00 

No  Data 

339 

642 

2 

1.  86 

8,62 

No  Data 

334 

■1 

643 

2 

1.  92 

11. 63 

No  Data 

310 

644 

2 

.78 

5.41 

No  Data 

203  No  Ignition 

‘■•/'if 

645 

2 

.81 

4.71 

No  Data 

207  No  Ignition 
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TABLE  9.  (Continued) 


DURATION 

_F 

O^F 

C* 

ISP 

^ec.) 

(Lbs.) 

(Ft/Sec) 

(Sec.) 

1 

3. 35 

7.3 

6454 

331 

1 

2.33 

7.5 

327 

1 

1.  90 

6.  86 

380 

1 

4.51 

8.21 

6387 

337 

1 

3.44 

7.15 

6568 

342 

1 

2. 36 

7.59 

6362 

331 

1 

1.87 

8.4 

6425 

323 

1 

4.  56 

8. 10 

6476 

341 

1 

3.  35 

8.30 

6312 

338 

1 

2.32 

7.32 

6382 

332 

TEMP.  I 


Op 

2 

1.  95 

7.0 

348 

2 

4.42 

7.97 

5627 

333 

2 

3.36 

7. 15 

6550 

335 

3600 

1. 42 

6.  86 

0600 

336  2180 

2 

3.61 

8. 53 

6151 

310 

90 

3.73 

8. 05 

5192 

335  2480 

2 

4. 50 

8. 04 

6415 

337 

60 

4.  54 

7.97 

6406 

342  2450 

mm 


TABLE  iO.  PULSE  PERFORMANCE,  5 LBF  CONFIGURATION  NO.  3 


RUN 

ON  TIME 

OFF  TIME 

O/F 

IMPULSE 

BIT 

i “ 

ISP  I J 

550 

(MS) 

.05 

(MS) 

.45 

8. 23 

(Lb-Sec) 

,189 

(Sec. ) 1 1 

272  1 

551 

.10 

.90 

8.37 

.411 

296  1 1 

552 

.25 

.75 

8.31 

1.084 

315  I 1 

322  1 , 

294 

553 

.50 

2.5 

8.  24 

2.201 

556 

.05 

.95 

8. 24 

.201 

557 

.10 

.90 

8.  24 

.489 

357  i i 

558 

.25 

.75 

8.2-?: 

1.223 

358  1 1 

559 

.50 

.50 

8. 16 

2.526 

375  1 

oGO 

.025 

.975 

8. 06 

.068 

to 

o 

o 

567 

.05 

.45 

12.3 

.18 

195  } 1 

568 

.10 

.90 

12.4 

.574 

310  J 1 

569 

.25 

.75 

12. 53 

1. 549 

333  1 1 

570 

.50 

.50 

12.53 

3.468 

37?  1 1 

232 

571 

.05 

.45 

8.: 

.193 

572 

.10 

.90 

8. 07 

.523 

316  i 

J73 

.25 

.75 

8. 06 

1. 349 

327  1 1 

574 

.50 

.50 

8. 06 

2.998 

363  ? I 

575 

.05 

.45 

6.88 

.224 

334  1 1 

576 

.10 

.90 

6.78 

.458 

344  1 1 

577 

.25 

.75 

6.80 

.955 

290  1 1 

578 

.50 

, 60 

6.74 

2.442 

373  1 1 

579 

, 05 

.4t3 

8.23 

.166 

290  1 1 

580 

.10 

.90 

8.29 

.388 

339  1 i 

330  1 1 

581 

.25 

.75 

8.29 

.935 

582 

.50 

.50 

8. 13 

1.  93 

344  1 1 

583 

.05 

.45 

6.76 

.127 

320  1 1 

584 

.10 

.90 

6.69 

.238 

362  1 1 

585 

.25 

.75 

6.74 

.681 

344  ^ 4 

686 

.50 

.50 

6.70 

2.750 

347  > 1 

537 

.03 

.45 

7.02 

.103 

347  1 1 

588 

.10 

.90 

7.02 

.208 

350  n 1 

589 

.25 

.75 

7.02 

1. 079 

363  1 1 

590 

.50 

.50 

7.02 

‘ 

5 -i 

98 
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firings  were  made  at  50  and  100  ms.  with  repetition  rates  of  1-5HZ. 
During  this  life  test,  all  engine  firings  were  successfully  ignited 
and  test  to  test  repeatability  at  the  start  and  end  of  the  program  was 
identical. 

(d)  Teardown  and  Inspection 

Upon  completion  of  the  test,  the  thruster  was  visually  and  function- 
ally checked  for  variations  in  characteristics.  The  bipropellant 
valve  exhibited  zero  leakage  in  GN2  at  0-250  psia  with  snoop,  and 
the  response  is  identical  to  that  obtained  at  the  start  of  the  program. 

Figure  Cl  shows  the  disassembled  thruster  at  the  end  of  the  program, 
while  Figures  62,  63,  and  64  show  the  injector  face,  the  spark  plug, 
and  the  chamber,  respectively.  No  cracks  are  visible  on  the  face  of 
the  injector,  and  the  combustion  chamber  shows  only  some  heat  stains. 
The  white  spots  are  columbium  oxide  which  was  the  result  of  tests  on 
Configuration  2.  Figure  64  shows  the  tip  of  the  spark  plug  after  150,000 
cycles.  The  anode  (inside  portion  of  the  plug)  has  miniscule  globules 
of  material  deposited  on  it.  The  deposits  are  due  to  erosion  of  the 
cathode  and  redeposition  on  the  anode.  No  degradation  of  spark 
efficiency  was  noted  visually.  The  thruster  ignition  was  also  100% 
reliable  at  the  end  of  the  150,000  firings. 
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SECTION  IV 


ONE-TENTH  POUND  THRUST  ROCKET  ENGINE 


A hoav/.i'-  'ilit  0. 1 Ibf  engine  had  been  developed  on  a previous  corJ  act  (Reference  1). 
Design  c -s  racteristics  of  the  heavyweight  engine  were  as  follows’ 


Nominal  Chamber  Pressure 

Mixture  Ratio 

Chamber  Cooling 

Chamber  Material 

Ignition  Source 

Injector 

Flow  Control 

Valves 


80  psia 


Radiation 


Coated  Molybdenum 
Spark  Plug 
Single  Element 
Sonic  Orifices 
Marquardt  R-IE 


Two  different  flightweight  0. 1 pouiid  thrust  engines  were  built  and  tested  on  this 
program.  One  engine  design  had  the  spark  plug  located  in  the  injector,  while  the 
second  design  had  the  spark  plug  located  in  a separate  adapter.  The  latter  design 
was  similar  in  concept  to  the  heavyweight  engine  developed  on  the  previous  contract 
which  also  had  a separate  spark  plug  holder  between  the  injector  and  chamber.  The 
principle  differenc'.  between  the  two  design  approaches  is  that  the  injector  with  the 
integral  spark  plug  receives  convective  heating  from  the  combustion  gas  whereas  the 
injector  using  the  separate  spark  plug  holder  does  not. 

Both  flightweight  engine  designs  were  based  on  the  design  limit  temperatures  developed 
on  the  previous  contract,  which  are  summarized  in  Table  11. 

The  injector  injects  hydrogen  radially  through  a thin  (0. 002  inch)  axisymmetric  slot 
into  the  oxygen  flowing  through  a 0.  038  inch  diameter  passage.  The  gas  mixture  in 
the  mixing  section  is  greater  than  the  flame  speed  of  hydrogen/oxygen,  so  that  com- 
bustion in  the  combustion  chamber  cannot  propagate  through  the  mixing  section. 

1.  FLIGHTWEIGHT  DESIGN  NO.  1 


The  injector  design  used  on  Flightweight  Design  No.  1 is  shown  in  Figure  65.  The 
assembled  engine  is  shown  in  Figure  66,  which  shows  the  large  size  of  the  Moog 
Valve  and  the  spark  plug  relative  to  the  rest  of  the  engine. 

The  injector  mixes  propellants  by  injecting  the  hydrogen  radially  inward  into  the 
oxygen  stream.  The  mixed  gases  then  pass  through  a 0. 030  inch  diameter  mixing 
section  (shown  in  Figure  65).  A Champion  FHE  231  spark  plug  in  the  injector  is 
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TABLE  11.  DESIGN  CHARACTERISTICS 
FUGHTWEIOHT  0. 1 FOUND  THRUST  ENGINE 


Chamber  Pressure  (Maximimi) 
Chamber  Pressure  (Minimum) 
Contraction  Area  Ratio 
Expansion  Area  Ratio 
L* 

L/D  Premix 

Cooling 

Injector 

Valves 

Spark  Plug 

Injector 


76  psia  Q 0. 1 Lb.  Thrust 
25  psia  d 0. 03  Lb.  Thrust 
8:1 
100:1 
9 Inches 
8 

Radiation/Regene  rative 

Single  Element  Coaxial  Premix 

Moog  Bipropellant 

Champion  FHE  231A  (Modified) 

Radial  Hydn^en  Injecticxi  Into 
Oxygen  Stream 
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HYDROGEN  COOLING 


PASSAGE 


Figure  65.  Flightweight  0. 1 Lbf.  Engine  No.  1 Design 


exposed  to  the  combustion  chamber  through  a 0. 060  inch  diameter  access  port  ia  the 
upstream  comer  of  the  injector.  The  hydrogen  passes  through  a cooling  passage  in 
the  iqjector  before  mixing  with  the  oxygen.  The  combustion  chamber  and  injector 
are  not  in  direct  contact  but  are  separated  by  a spacer.  The  amount  of  heat  conducted 
from  the  chamber  to  the  inj:  :itor  can  be  reduced  using  a spacer  with  a high  thermal 
resistance.  However,  this  raises  the  possibility  of  overheating  the  spacer  where  it 
contacts  the  chamber,  since  that  point  would  be  much  hotter  than  the  injector  an  the 
spacer  has  a high  theri4.al  resistance.  Locating  the  spark  plug  in  the  injector  neces- 
sitates exposure  of  some  portion  of  the  injector  head  to  convective  heating  from  the 
combustion  gas  because  of  the  relative  sizes  of  the  spark  plug  and  the  combustion 
chamber  diameter. 

a.  Temperature  Limits 

Heat  transfer  analysis  of  the  Flightweight  Engine  No.  1 was  made  to  develop 

a design  that  would  meet  the  following  approximate  temperature  limits: 


Combustion  Chamber 

2300°F 

Injector 

1600°F 

Mixing  Section 

1300°F 

Valve 

250°F 

The  temperature  limit  of  the  coated  chamber  (molybdenum  or  Columbium)  was 
not  critical  because  of  the  temperature  capability  of  the  chamber  itself,  but 
because  of  the  ?ffect  of  chamber  temperature  on  the  tensile  and  creep  strengths 
of  the  attach  boles  and  spacer  which  contact  the  chamber. 

The  1300*^F  temperature  limit  upstream  of  the  0. 030  diameter  mixing  section 
was  set  to  avoid  autoignition  in  the  small  volume  where  the  hydrogen  and 
oxyjrcn  meet.  Tests  on  the  previous  contract  had  shown  that  the  propellants 
wouAii  hutuignite  in  the  combustion  chamber  whenever  the  combustion  chamber 
wrs  lo00°F  or  higher.  It  is  noi  known  whether  or  not  the  propellants  could 
autoignite  in  the  mixing  s^A.!tion  or  in  the  very  small  manifold  volume  upstream 
of  the  mixing  .■section  if  that  portion  of  the  injector  reached  1300°F.  However, 
it  was  thought  advisatie  to  try  to  keep  the  mixing  section  below  1300°F  to 
avoid  the  possibility  of  autoignition,  which  would  cause  an  unacceptable 
pressu  'o  drop  through  the  mixing  section. 

The  1600°F  temperature  limit  of  the  injector  mass  surrounding  the  tip  of  the 
spark  plug  is  baiJed  on  ti  e fact  that  leGOO/  is  the  softening  poini  of  a pressure 
seal  in  the  spark  plug.  There  would  be  a temperature  drop  from  the  spark 
plug  tip  to  the  seal,  but  the  magnitude  was  unknown. 
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Heat  Transfer  Analysis 

Heat  transfer  analysis  of  th'  Flightwelght  Engine  No.  1 was  made  to  predict 
the  effect  < i the  following  design  variables:  0)  Radiation  ar«.'a  and  emissivity 
of  ii>jector,  (2)  Thermal  resistance  of  spacer,  and  (3)  Radiation  area  and 
ernissiviV  combustor. 

(1)  Effective  Radiation  Area  of  Iifjector 

The  relationship  between  engine  temperature  and  the  effective  radia- 
tion area  (radiating  area  x emissivity)  of  the  ii\jector  is  shown  in 
Figure  67. 

Tlie  predicted  temperatur'  for  the  basic  design  were  1500°F  for  the 
injector  and  2150®F  .or  cc  -.bustor,  using  an  injector  with  a 
radiating  area  of  1 in.  ^ '.iv;.  emU  sivity  of  0.45,  or  an  effective 
radiation  area  of  0.45  in.  In  order  to  reduce  the  injector  below 
the  autoignition  temperature  of  1300*^F,  'he  effective  area  would  have 
to  be  increased  by  a facto.'  of  10.  This  could  be  achieved  by  using  a 
radiation  fin  on  the  injector  >r  simpl2^  by  increasing  the  outside  diameter 
of  the  injector.  Either  appro.wh  would  entail  added  weight. 

(2)  Thermal  Resistance  of  Spacer 

The  relationship  between  engine  temperatures  and  the  thermal  resist- 
ance of  the  spacer  between  the  combustor  and  injector  is  shown  in 
Figure  68.  The  injector  temperature  can  easilv  be  reduced  by 
increasing  the  thermal  resistance  of  the  spacer.  However,  this  raises 
the  problem  of  creep  strength  if  a metallic  spacer  is  used,  or  the 
problem  of  material  brittleness  if  a ceramic  spacer  is  used. 

(3)  Effective  Radiation  Area  of  Combustor 

The  relationship  between  engine  temperatures  and  the  effective  I'adia- 
tion  area  of  the  combustor  is  shown  in  Figure  69.  An  increase  in  the 
effective  radiation  area  of  the  combustor  by  a factor  of  about  three 
would  be  required  to  reduce  the  injector  temperature  below  1300°F. 

This  would  entail  an  appreciable  weight  penalty. 

Test  Firings 

The  Flightwelght  Engine  No.  1 (Figure  65)  was  test  fired  using  an  uncoolcd 
nickel  200  combustor.  Testing  was  performed  during  April  and  May  1973. 


FLIGHTWEIGHT  0.1  LB.  ENGINE  NO  1 


SPACER  THERMAL  RESISTANCE  - X 10’^ 

BTU 

Figure  68.  0. 1 Lbf.  Engine  Temperatures  Vs.  Spacer  Thermal  Resistance 
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TEMPERATURE 


FLIGHT  WEIGHT  0.1  LB.  ENGINE  NO.  1 


Figure  69.  0. 1 Lbf.  Engine  Temperatures  Vs.  Combustor  Effective  Radiation  Area 
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Runs  1-8 


The  flightweight  engine  was  initially  tested  with  nominal  high  supply  pressures 
near  200  psia.  The  GLA  spark  igniter  was  used  with  a spark  dur^ition  of 
10  ms.  The  first  tests  with  spark  delays  of  10  ms  and  20  ms  did  not  achieve 
ignition.  Subsequent  tests  with  a spark  delay  of  50  ms  showed  sporadic 
ignition.  On  Run  8,  only  5 of  20  pulses  ignited.  It  was  observed  on  these 
tests  that  chamber  pressure  was  going  above  the  linear  range,  and  the  Pq 
transducer  was  found  to  be  inoperative  after  Run  8.  After  Run  8,  the  com- 
bustor throat  diameter  was  measured  and  found  to  be  only  0. 026  inch  instead 
of  the  required  0. 0294  inch,  which  explained  the  excessive  chamber  pressure 
which  had  probably  also  been  peaking  high  because  of  the  ignition  de.' ly. 

Runs  9-31 

The  throat  diameter  of  the  nickel  chamber  was  enlarged  to  0,  0294  inch  before 
Run  9.  The  pressure  transducer  from  Pom»  o^yger  manifold,  was  moved  to 
measure  Pg  and  the  P^j^  port  was  capped.  The  Bei  Air  igniter  was  installed 
in  place  of  the  GLA  igniter.  It  had  been  observed  during  Runs  1-8  that  the 
chamber  pressure  trace  was  greatly  perturbed  at  the  time  of  sparking,  and 
since  the  GLA  igniter  dissipates  10  times  more  energy  at  the  tip  of  the  spark 
plug  than  the  Bel  Air  igniter,  the  possibility  of  flame  suppression  by  the  GLA 
spark,  which  completely  filled  the  combustion  chamber,  was  being  considered. 

Good  ignition  was  obtained  at  high  supply  pressure  settings  (188  psig),  but 
ignition  could  not  be  achieved  at  low  supply  pressures  from  50  psig  to  90  psig. 
At  supply  pressure  of  100  psig  and  150  psig,  100  percent  ignition  was  obtained 
with  50  pulses.  These  results  seemed  to  indicate  that  <he  Bel  Air  igniter  was 
giving  much  better  ignition  than  the  GLA  igniter  since  the  spar\  -duration  to 
get  ignition  on  these  tests  was  only  10  ms.  However,  several  ocher  changes 
had  also  been  made  after  Run  8,  i.  e.  , capping  Pom  and  opening  the  throat 
diameter.  Therefore,  more  tests  were  required  to  compare  the  two  ..gniters. 


Runs  32- -56 


The  GLA  igniter  was  reinstalled  after  Run  31.  Good  ignition  was  obtained  at 
189  psig  down  to  100  psig  supply  pressure.  However,  erratic  ignition  was 
obtained  at  90  psig  and  lower,  although  ignition  was  obtained  on  all  50  pulses 
at  80  psig  supply  pressure,  using  a spark  delay  of  5 ms  and  a duration  of 
10  ms. 

Runs  57-64 

The  GLA  Igniter  was  also  used  for  the  next  series  of  tests  wiiii  a spark  delay 
of  5 ms  and  a sparking  duration  of  10  ms.  At  supply  pressures  of  199  psig 
for  O2  and  189  psig  for  H2,  all  pulses  of  a 59  pulse  train  ignited,  although 
the  rise  in  charr»ber  pressure  was  slow  on  3 pulses. 
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Ignition  on  all  100  pulses  was  achieved  at  low  supply  pressures  of  52  psig 
for  O2  and  50  psig  for  H2.  Single  performance  runs  were  made  at  supply 
pressures  near  100  psig  and  150  psig,  and  a sparking  duration  of  10  ms. 
Performance  was  80  to  85  percent  of  shifting  C*. 

Runs  65-91 

Additional  documentation  of  ignition  characteristics  during  these  runs  showed 
unreliable  ignition  with  supply  pressures  below  100  psig.  Two  long  firings 
were  made  to  get  injector  temperature  data.  On  Run  75,  a 47  second  firing 
was  made,  during  which  time  the  injector  rose  to  1020°F  and  was  still  rising 
at  shutdown.  The  Bristol  Recorder  was  respanned  and  a 50  second  run  was 
made  on  R.un  76,  during  which  the  injector  temperature  reached  1400OF  and 
and  was  still  rising  at  the  end  of  the  run. 

Runs  92-106 

The  hydrogen  manifold  pressure  pickup  was  capped  for  the  next  series  of 
tests.  It  was  found  that  ignition  reliability  was  worse  than  when  the  hydrogen 
manifold  pressure  was  being  recorded.  This  indicated  that  the  transient 
mixture  ratio  is  important  in  determining  ignition.  A large  increase  in  mani- 
fold volume  results  when  the  pressure  transducers  are  comiected.  Apparently 
an  oxygen  rich  condition  is  conducive  to  ignition,  based  on  the  test  results. 

Runs  107-118 

An  engine  configuration  made  of  the  flightweight  injector  with  a spark  plug 
holder  and  nickel  nozzle  from  the  prototype  engine  was  assembled.  This 
configuration  allowed  a comparison  of  the  ignition  characteristics  with  either 
a rear  mounted  spark  plug  or  a side  mounted  spark  plug. 

Runs  107  and  118  were  made  with  the  side  spark  plug  and  both  Pom  and 
capped.  Ignition  was  poor  at  100  psig  supply  pressures  and  below.  For 
example,  at  100  psig,  ignition  was  not  obtained  at  spark  durations  up  to  40  ms. 

Runs  119-129 


I The  Phm  was  connected  to  a transducer  for  this  series  of  runs  with  the 

S side  spark  plug.  This  would  result  in  a higher  initial  mixture  ratio.  Good 

ignition  was  obtained  at  supply  pressures  down  to  100  psig.  However,  ignition 
i was  erratic  at  70  psig  supply  pressure. 


Runs  130-148 


tVJ 

rs* 


The  rear  spark  plug  was  used  for  thes-''  '.ests,  keeping  Phm  connected  to  get 
a comparison  in  ignition  characteristics  Ijetween  the  side  and  rear  locations. 
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The  results  were  about  the  same  as  with  the  side  plug,  with  10  out  of  10 
ignitions  at  supply  pressures  of  100  and  200  psig,  and  erratic  igniliou  at  70 
and  80  psig. 

Discussion 

The  ignition  tests  indicated  that  ignition  probability  is  about  the  same  with 
either  the  rear  or  side  spark  plug  locations.  The  tests  also  showed  that  the 
greater  energy  release  at  the  spark  tip  provided  by  the  GLA  igniter  had  not 
significantly  improved  ignition  probability  at  supply  pressures  below  100  psia, 
compared  to  results  with  the  Bel  Air  igniter  on  last  year's  prototype  engine. 
The  solution  proposed  last  year  was  to  raise  the  nominal  chamber  pressure 
from  50  psia  to  80  psia  and  limit  the  0. 10  pound  engine  to  a 2:1  blowdown 
instead  of  a 3:1  blowdown.  This  would  provide  a minimum  supply  pressure 
of  about  100  psia  instead  of  67  psia,  so  that  the  0. 10  pound  engine  should 
always  ignite  reliably.  The  convection  heating  to  the  injector  occurs  in  the 
initial . 190  inch  length  of  the  combustion  chamber,  and  it  was  uncertain 
whether  the  full  combustion  temperature  and  heat  flux  would  actually  occur 
so  close  to  the  injector.  However,  the  high  injector  temperatures  on 
Runs  75  and  76  were  in  approximate  agreement  with  the  analysts.  Review  of 
the  analysis  revealed  that  the  conduction  resistance  of  the  spacer  between  the 
injector  and  combustor  had  been  calculated  incorrectly,  since  the  final  design 
had  a larger  contact  area  than  originally  assumed  in  the  analyses.  The 
corrected  analysis  predicted  an  injector  temperature  of  1650°F  instead  of 
150QOF. 

The  engine  was  not  run  long  enough  to  reach  steady  state  temperatures 
because  of  the  hot  injector,  but  the  rate  of  injector  heating  indicated  that  the 
injector  could  reach  1800°F  ox’  higher,  definitely  above  the  injector  limit 
temperature.  Therefore,  two  steps  were  taken:  (1)  a copper  radiation  fin 
was  installed  on  the  injector  of  Flightweight  Engine  No.  1,  and  (2)  a new 
engine  (Flightweight  Engine  No.  2)  was  designed,  fabricated,  and  tested. 

Copper  Radiation  Fin 

A six  inch  diameter,  0, 10  ir.ch  thick  copper  radiation  fin  was  brazed  to  the 
Flightweight  Injector  No.  1.  The  engine  assembly  with  the  radiation  fin  is 
shown  in  Figure  70.  The  side  of  the  fin  facing  toward  the  engine  exit  was 
grit-blasted  and  coated  with  black  matt  chrome  to  produce  a high  emissivity 
coating.  The  other  side  of  the  fin  facing  the  valve  was  smooth  and  polished 
to  produce  a very  low  emissivity  coating  to  eliminate  thermal  radiatu  ' back 
toward  the  valve  or  mounting  plate.  Tests  of  the  black  matt  chrome  coating 
on  copper  and  nickel  had  shown  that  the  coating  is  stable  in  a vacuum  at 
150v)°F , but  is  not  stable  at  1975°F.  Other  tests  in  air  at  1200*^F  had  shown 
tha>  Itie  coating  was  stable  on  nickel  200  but  was  not  stable  on  copper.  A 
copper  fin  would  be  much  lighter  than  a nickel  fin  for  the  same  radiation 
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effectiveness  because  of  the  higher  thermal  conductivity  of  copper.  Therefore, 
a copper  fin  was  used  because  it  would  be  usable  for  operation  in  space  vacuum 
and  would  probably  also  be  usable  in  the  altitude  test  cell. 

Flightweight  Engine  No.  1 with  the  copper  fin  on  the  injector  was  tested  with 
a water-cooled  combustor,  using  three  thermal  resistance  spacers  between 
the  combustor  and  the  injector.  The  water  cooled  combustor  was  made  by 
adding  a cooling  passage  to  the  thick-walled  uncooled  nickel  combustor  used 
in  the  preceding  tests. 

Run  159 

A Rene*  41  spacer  was  used  during  a 175  second  run  during  which  the  injector 
rose  to  840®F.  However,  it  was  clear  that  a spacer  with  higher  thermal 
resistance  than  Rene*  41  was  required. 

Run  164 

A pyrolytic  graphite  spacer  was  used  during  a 110  second  run  during  which 
the  injector  rose  to  640OF.  However,  a leak  developed  between  the  combustor 
and  the  pyrolytic  graphite  washer,  terminating  the  run  prematurely. 

Run  167 

A thin  L-605  spacer  with  a thermal  resistance  of  52,000  second  ®F/BTU  was 
used  during  Run  167  with  a firing  duration  of  15  minutes.  This  high  thermal 
resistance  reduced  conduction  between  the  injector  and  the  combustor  to  a 
negligible  amount. 

The  engine  temperatures,  essentially  stabilized  at  the  end  of  the  run,  were 
as  follows: 


Injector 

1100°F 

Spark  Plug 

460°F 

Valve 

130°F 

Copper  Fin,  inside  diameter 

810°F 

Copper  Fin,  outside  diameter 

790°F 

Water-Cooled  Chamber 

340°F 

The  engine  was  thermally  isolated  from  the  thrust  stand  so  that  the  above 
temperatures  are  a good  indication  of  steady  state  temperatures.  The  area 
of  the  copper  fin  could  be  reduced  by  a factor  of  2,  based  on  the  above  data, 
and  keep  the  injector  below  1300^F.  Therefore,  a fin  with  a diameter  of  4 
inches,  weighing  0.  4 pounds,  would  be  adequate  to  meet  all  temperature 
limits  of  the  Flightweight  Engine  No.  1. 
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2.  FUGHTWEIGHT  DESIGN  NO.  2 

a.  Engine  Description 

The  design  of  Flightweight  Engine  No.  2,  shown  in  Figure  71,  was  a flight- 
weight  version  of  the  prototype  engine  developed  on  the  previous  contract. 

The  spark  plug  was  inserted  into  a spark  plug  holder  located  between  the 
injector  and  the  combustion  chamber.  The  injector  was  not  exposed  to  direct 
convective  heating  by  the  combustion  gas,  and  the  area  on  the  spark  plug 
holder  exposed  to  combustion  gas  heating  was  reduced  as  much  as  possible. 

The  access  port  to  the  spark  plug  tip,  formerly  a 0. 060  inch  diameter  hole, 
was  changed  to  a rectangular  0. 018  x 0.  036  inch  hole  so  that  the  axial  length 
of  the  spark  plug  holder  exposed  to  the  combustion  gas  heating  could  be 
reduced  to  0.  075  inch  compared  to  the  0. 190  inch  length  of  injector  exposed 
on  Flightweight  Engine  No.  1. 

Hydrogen  flows  through  a cooling  passage  within  the  spark  plug  holder  and 
then  through  a mixer  section.  The  hydrogen  and  o^qrgen  are  mixed  in  the 
same  way  as  in  the  prototype  engine  and  the  Flightweight  Engine  Design  No.  1, 
The  0. 002  inch  deep  radial  injection  slot  for  hydrogen  injection  into  the  oxygen 
stream  is  in  the  front  tip  of  the  injector  which  bears  on  the  mixer.  The  mixer 
was  initially  used  as  a separate  component  to  allow  removal  for  possible  design 
changes.  The  mixer  section  was  lapped  to  seal  with  the  spark  plug  holder  and 
the  injector.  However,  the  lapped  seal  to  the  spark  plug  holder  was  on  a 
45 -degree  cone  and  was  not  leak  tight.  Poxalloy  sealant  was  used  to  seal  the 
mixer  joint  for  initial  tests.  The  mixer  section  was  subsequently  welded  into 
the  spark  plug  holder  after  Run  200.  The  engine  components  are  shown  in 
Figure  72  and  the  assembled  engine  is  shown  in  Figure  73. 

A lapped  circular  L-605  insert  welded  into  the  spark  plug  holder  was  used  to 
form  a seal  against  the  lapped  face  of  the  combustion  chamber.  The  L-605 
insert  was  used  to  give  higher  creep  strength  at  high  temperature,  while  the 
remainder  of  the  spark  plug  holder  was  made  of  nickel  200  for  good  thermal 
conductivity.  A low  volume  holder  for  the  chamber  pressure  transducer  was 
attached  to  the  spark  plug  holder. 

Two  combustion  chambers  were  made,  one  using  C-103  columbium  alloy  with 
a R512E  silicide  coating,  and  the  other  using  unalloyed  molybdenum  with  a 
Durak  B silicide  coating.  Initial  life  testing  was  performed  with  the  molybdenum 
chamber,  which  originally  provided  a better  sealing  surface  when  lapped  than 
the  columbium.  The  columbium  silicide  coating  exhibited  a more  granular 
structure,  which  appeared  to  provide  very  small  leak  paths  over  the  short 
distance  (about  0.030  inch)  across  the  sealing  surface  against  the  L-605 
insert.  The  final  life  testing  was  performed  with  the  columbium  chamber 
and  was  very  successful  after  the  columbium  chamber  was  carefully  lopped. 
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Figure  72.  Comp<xients  of  Flightweight  0. 1 Lbf.  Engine  No, 


Threo  Rene*  41  attach  bolts  were  designed  to  grip  the  chamber  flange.  The 
bolts  were  held  in  controlled  tension  by  Belleville  springs  to  accommodate 
differential  thermal  expansion  of  the  bolt  and  the  engine  components. 

The  Champion  FHE  231A  spark  plug  used  on  the  previous  contract  was  used 
(Ml  the  flightweight  engine.  Although  this  spark  plug  is  much  longer  than 
required,  the  critical  design  parameter  for  installation  in  the  0. 10  pound 
engine  is  the  diameter,  which  could  not  be  decreased  significantly  by  any 
redesign.  The  Moog  valve,  P/N  8477-470650-11,  was  used  because  of  avail 
ability  and  mature  development  status,  although  its  0. 84  pound  weight  is  not 
flightweight  for  this  engine. 

The  temperature  limits  for  Flightweight  Engine  No.  2 at  the  locations  shown 


in  Figure  74  are  as  follows: 

Combustion  Chamber 

2300^F 

Spark  Plug  Holder 

1600°F 

Mixer 

1300°F 

Bolt  Head 

1650°F 

Injector  (Belles  ille  Springs) 

400°F 

Valve 

250°F 

The  reasons  for  selection  of  temperature  limits  on  the  combustion  chamber, 
spark  plug  bolder  (i.  e. , injector  on  Flightweight  Engine  No.  2)  and  mixer 
(i.  e. , mixing  section)  were  the  same  as  for  Flightweight  Engine  No.  1.  The 
bolt  head  limit  temperature  of  1650^F  was  set  to  avoid  excessive  creep  of 
the  bolt  head  under  bending.  The  temperature  of  the  injector  flange  supporting 
the  Belleville  springs  should  not  exceed  400°F  because  of  long  duration 
temperature  limits  of  the  Belleville  springs. 

The  preload  on  the  three  bolts  was  set  by  using  a gage  block  to  measure  the 
correct  stack  height  of  the  Belleville  springs.  The  preload  was  calculated  to 
maintain  a seal  between  the  chamber  and  spark  plug  holder  under  a random 
vibration  specification  which  produced  a transverse  acceleration  of  140  g*s. 
Each  bolt  head  had  two  raised  land  areas  of  0. 0025  in^,  each  bearing  on  the 
chamber  flange.  This  small  contact  area  controlled  the  amount  of  heat 
transfer  from  the  chamber  to  the  bolt  so  that  the  bolt  head  could  be  kept 
below  1650°F. 

Heat  transfer  analyses  were  made  to  select  critical  design  dimensions  so  that 
all  temperature  limits  would  be  satisfied.  Hie  most  critical  component  was 
the  spark  plug  holder,  with  the  same  heating  problems,  convection  from  the 
combustion  gas  and  conduction  from  the  combustion  chamber,  that  had  handi- 
capped the  injector  of  Flightweight  Engine  No.  1.  The  convective  heating  was 
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minimized  by  using  a rectangular  spark  plug  port  which  minimized  the  area 
exposed  to  the  combustion  gas.  The  conduction  heating  from  the  chamber 
was  reduced  by  using  a smaller  bearing  area  of  0. 02  in^.  It  was  calculated 
that  the  maximum  bearing  stress  would  be  12, 300  psi  which  would  not  cause 
excessive  creep  of  the  L-605  seal  insert  at  the  lOOO^F  temperature  limit. 

At  the  same  time,  the  contact  resistance  of  the  0.02  in^  bearing  area  was 
calculated  to  reduce  conduction  heating  sufficiently  to  meet  the  temperature 
limit  of  lOOO^F  for  the  spark  plug  holder. 

The  outside  surfaces  of  the  spark  plug  holder,  except  for  the  surface  facing 
the  combustion  chamber,  were  grit-blasted  to  get  a good  emissivity  (estimated 
at  0.6)  for  radiation  cooling.  Th<^  outside  surface  of  the  injector  was  also 
grit-blasted. 

Outward  facing  portions  of  the  attach  belts  were  grit-blasted  and  also  coated 
with  a black  chrome  finish  for  i igh  emissivity,  as  shown  in  Figures  72  and  73. 

The  weight  of  the  components  of  Flightweight  Engine  No.  2 are  as  follows: 


Moog  Valve  0.  84  lb. 

Injector,  Mounting  PUte  (nonflightw eight)  0.78  lb. 

Chamber,  C-103  (flightweight)  0.46  lb. 

Spark  Plug  Holder,  Mixer  (flightweight)  0. 23  lb. 


Bolts,  Belleville  Springs,  etc.  (flightweight)  0. 13  lb. 

Spark  Plug,  Swagelok  Fitting  (flightweight)  0. 09  lb. 

The  estimated  weight  of  a completely  flightweight  engine,  using  the  above 
flightweight  components  together  with  two  flightweight  \7alves  (0.  25  pound 
each)  and  a flightweight  injector  (estimated  0. 3 pound)  would  be  1. 7 1 pounds, 
not  including  an  igniter.  The  flightweight  igniter  weighing  1. 56  pounds  could 
probably  serve  a number  of  engines 

Preliminary  Testiiv,; 

Runs  168-174 

The  columbium  C-103  chamber  was  used  for  a series  of  runs  to  demonstrate 
performance  and  ignition  reliability.  The  engine  ignited  on  all  of  20  pulses 
but  chamber  pressure  was  low  during  both  hot  firings  and  cold  flows. 

Pressure  testing  of  the  engine  after  the  test  firings  revealed  a leak  through 
the  lapped  seal  bet^^'e6n  the  spark  plug  holder  and  the  combustion  chamber. 
The  engine  was  disassembled  and  inspected.  The  L-605  insert  was  found  to 
be  imperfectly  lapped.  In  addition,  the  lapped  surface  of  the  C-103  chamber 


exhibited  a granular  atructure.  It  was  not  clear  whether  the  surface  was 
perfectly  smooth  or  whether  small  leak  paths  existed  around  the  grain 
boundaries  of  the  coating.  It  was  apparent  that  most  of  the  leakage  was  due 
to  the  poor  lapping  of  the  L-605  insert.  However,  the  molybdenum  chamber 
was  used  for  the  next  series  of  tests  because  of  its  apparently  smoother 
lapped  surface. 

Runs  176-189 

A series  of  runs  were  made  with  the  molybdenum  chamber  to  determine  engine 
performance.  The  engine  leak  had  been  eliminated  by  relapping  the  L-605 
insert.  Ignition  was  obrained  on  each  of  10  pulses  (1  second  ON,  1 second 
OFF)  at  supply  pressures  of  200  psia  and  100  psia.  Ten  pulses  were  then 
attempted  at  each  of  the  supply  pressures  70  psia,  90  psia,  and  200  psia. 

The  engine  failed  to  ignite  on  any  of  these  firings. 

Runs  190-200 

A different  GLA  igniter  (S/N  004)  unit  of  the  same  model  was  used  for  the  next 
series  of  tests.  Ignition  was  obtained  on  all  tests  over  a range  of  supply 
pressures  from  about  200  psia  to  70  psia. 

A seven-minute  firing  was  ma«.'e  on  Run  200  with  supply  pressures  near  the 
nominal  maximum  of  200  psia.  After  throe  and  one-half  minutes  of  firing, 
the  chamber  pressure  dropped  from  74  psia  to  58  psia,  and  the  chamber 
temperature  dropped  from  2000°F  to  1600*^F.  It  was  determined  after  the  run 
that  Poxally  sealant  on  the  mixer  had  been  dislodged,  undoubtedly  by  over- 
heating, and  had  allowed  leakage  of  hydrogen,  with  subsequent  loss  of  perform- 
ance and  chamber  temperature.  All  engine  temperatures  were  well  below 
design  limit  temperatures.  Therefore,  it  was  concluded  that  Flightweight 
Engine  No.  2 should  be  used  for  the  life  testing. 

Life  Testing  - Molybdenum  Chamber 

Life  testing  of  Flightweight  Engine  No.  2 was  begun  using  the  molybdenum 
chambers.  The  mixer  was  welded  into  the  spark  plug  holder  before  beginning 
life  testing. 

The  objective  of  the  tests  was  to  accumulate  ten  hours  of  firing  time  and 
300, 000  pulses.  These  life  requirements  were  to  be  demonstrated  over  a 
VPVj  short  period  of  tinrie,  compared  to  a seven-year  satellite  mission. 
Therefore,  the  engine  temperatui'e  would  be  much  higher  than  it  would  on  a 
satellite  because  of  the  absence  of  cool  down  time  between  firings.  A total 
of  100,070  pulses  and  3.52  hours  of  hot  firing  were  actually  accomplished 
with  the  molybdemun  chamber. 


Perfomance  Characterisation 


A series  of  firings  were  made  at  throe  levels  of  propellant  supply 
pressure  to  determine  engine  performance  and  steady-state 
teniperatures. 

Runs  201-209 

During  a series  of  test  firings  made  at  the  high  propellant  supply  level, 
about  200  psia,  engine  performance  was  found  to  produce  a C*  efficiency 
of  82. 2%  of  shifting  equilibrium  and  an  Isp  of  329  seconds.  During 
pulsing  at . 2 seconds  ON,  .2  seconds  OFF,  ignition  was  achieved  on 
only  26  of  30  pulses. 

Runs  210 

A pulse  train  of  999  firings  at  . 2 seconds  ON,  , 2 seconds  OFF  was 
made  at  the  high  supply  pressure.  The  engine  failed  to  ignite  on  one- 
third  of  the  first  100  pulses,  but  Ignited  on  all  subsequent  pulses. 

Runs  211-215 

A series  of  firings  were  made  at  an  intermediate  propellant  supply 
pressure  (about  150  psia).  Tlie  engine  produced  a C*  efficiency  of 
79.  8%  of  shifting  equilibrium  and  an  Isp  of  326  seconds.  During 
pulsing  at  , 2 seconds  ON,  .2  seconds  OFF,  ignition  was  obtained  on 
9 to  10  pulses  on  Run  211,  on  48  of  50  pulses  on  Run  213,  and  only  5 
of  15  pulses  on  Run  215. 

Runs  216-217 

The  engine  failed  to  ignite  on  all  10  pulses  with  the  high  propellant 
supply  pressure  near  200  psia.  Die  test  cell  was  opened  and  the 
spark  plug  was  observed  while  sparking,  which  appeared  normal. 

The  electrical  system  between  the  pulser  and  igniter  was  examined, 
and  no  reason  for  the  erratic  ignition  could  bo  found. 

Run  218 

No  changes  were  made  for  the  next  run,  during  which  a pulse  train  of 
999  pulses  was  made  at  the  intermediate  supply  pressure  near  150  psia. 
The  engine  ignited  on  all  999  pulses. 


Twenty  pulses  were  made  at . 2 seconds  ON,  . 2 seconds  OFF  at  a low 
supply  pressure  near  70  psia.  Ignition  was  not  achieved  on  any  of  the 
20  pulses.  One  engine  design  criterion  was  operation  at  a supply 
pressure  one-third  of  nominal  (200  psia).  Therefore,  operation  at  a 
supply  pressure  of  67  should  be  possible.  However,  it  had  been  found 
impossible  on  the  preceding  contract  to  ignite  reliably  at  such  a low 
supply  pressure,  and  the  same  situation  was  found  to  exist  with  the 
flightweight  engine.  However,  by  raising  the  supply  pressure  slightly, 
reliable  ignition  should  l-e  possible,  based  on  tests  of  the  heavyweight 
engine. 

Runs  222-224 

The  supply  pressure  was  raised  to  about  90  psia,  at  vhich  condition 
ignition  was  obtained  on  all  of  10  pulses  during  Run  222  and  on  997  of 
999  pulses  on  Run  224. 

Engine  performance  during  a five  sec'ond  firing  on  Run  223  produced  a 
C*  efficiency  of  70.5%  of  shifting  equilibrium  and  an  Isp  of  282  seconds. 

The  performance  of  Flightweight  Engine  No.  2 is  shown  in  Figure  75 
superimposed  on  performance  for  the  heavyweight  0. 1 pound  engine 
developed  on  the  previous  contract.  There  was  no  significant  difference 
in  performance  of  the  two  engines. 

Runs  225-232 

A 10-minute  steady-^  cate  firing  was  made  at  each  of  three  propellant 
supply  pressures.  Ihe  ermine  temperatures  at  the  locations  shown  in 
Figure  74  are  shown  in  Table  12.  The  engine  temperatures  were  all 
below  the  design  maximum  temperature  limits.  In  paiticular,  the 
spark  plug  holder  temperature  at  the  high  chamber  pressure  condition 
was  only  1250°F,  compared  to  the  design  limit  temperature  of  IGOO^F. 

Difficulty  in  ignition  was  again  experienced  during  this  series  of  runs. 
Therefore,  the  igniter,  S/N  001,  was  installed  with  the  engine.  This 
igniter  had  been  previously  used  on  over  150,000  pulses  with  the  flight- 
weight  five  pound  engine.  Despite  this  change,  difficulty  in  ignition 
was  still  experienced. 

Runs  233-239 

A total  of  90,869  pulses  of  . 1 second  ON,  . 1 second  OFF  were 
accumulated  using  the  high  propellant  supply  pressures  near  200  psia. 


CF  = 1.81  BASED  ON  CPIA  METHODS 


Figure  75.  Performance  of  0, 1 Lbf.  Flightw eight  Engine  No,  2 


The  engine  is  shown  during  this  pulsing  in  Figure  76.  The  chamber 
temperature  was  IGOO^F  during  pulsing  with  the  50%  duty  cycle. 

The  96 , 869  pulses  were  accumulated  during  three  days  of  testing. 

On  the  first  day,  during  Run  234,  a total  of  56,000  pulses  were  made. 

On  the  second  day,  11, 951  pulses  were  made  on  Run  237.  Difficulty 
was  experienced  in  getting  the  first  ignition  for  Run  237,  but  once 
started,  all  pulses  ignited.  This  again  suggested  that  some  type  of 
erratic  electrical  problem  existed  in  the  ignition  system.  Therefore, 
a new  spark  plug  was  installed  before  Run  239.  Reliable  ignition  was 
shown  on  this  run,  during  which  28, 918  pulses  v/ere  accumulated.  It 
was  concluded,  based  on  sparking  and  ignition  tests  at  sea  level  as 
well  as  the  erratic  ignition  at  altitude,  that  the  spark  plug  was  the 
source  of  ignition  problems.  It  was  hypothesized  that  a cracked 
insulator  might  be  causing  ai’cii^  to  occur  internally  rather  than  at 
the  spark  plug  tip. 

The  testing  was  terminated  on  Ri.  239  when  the  chamber  pressure 
suddenly  jumped  from  about  70  psia  to  90  psia  and  the  spark  plug 
holder  and  chamber  suddenly  rose  in  temperature  by  several  hundred 
degrees.  By  this  time,  the  molybdenum  chamber  had  accumulated 
100,070  pulses  and  3.  52  hours  of  hot  firing. 

(2)  Post-Test  Examination 

Post-test  examination  of  the  engine  showed  that  the  throat  was  partially 
blocked  by  a silver  colored  globule.  When  the  engine  was  disassembled, 
it  was  found  that  a black  deposit  of  metallic  appearance  had  collected 
in  the  short  length  of  0. 086  diameter  combustion  chamber  within  the 
spark  plug  holder.  The  walls  of  the  aceess  port  between  the  spark  plug 
tip  and  the  combustion  chamber  were  spotted  with  a black  deposit. 

The  entrance  of  the  molybdenum  combustion  cb.ambcr  showed  evidence 
of  a coating  failure.  The  chamber  was  sectioned  down  the  center-plane 
and  it  was  found  that  the  chamber  had  eroded  near  the  entrance  end  as 
shown  in  Figure  77. 

The  thickness  of  molybdenum  disilicide  coating  buildup  at  the  beginning 
of  the  test  program  had  been  only  0.0005  inch,  compared  to  an  expected 
coating  buildup  of  0.  003  inch.  This  thinness  of  coating  might  have 
contributed  to  the  coating  failure.  However,  a second  factor,  relating 
to  the  spark  plug  discharge  energy,  is  thought  to  have  been  the  principal 
problem.  The  spark  igniters  used  for  development  of  the  heavyweight 
engine  released  only  one  millijoulc  at  the  spark  plug  tip.  The  flight- 
weight  igniters  made  by  General  Laboratory  Associates  were  designed 
to  release  ten  millijoules.  It  was  expected  that  this  higher  energy 
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release  per  spark  would  allow  ignition  at  significaiitly  lower  supply 
pressures  than  had  been  feasible  with  the  heavyweight  engine.  However, 
this  was  not  the  case,  as  supply  pressures  of  about  90  psia  were 
required.  The  greater  energy  released  from  the  GLA  igniter  was 
visually  observed  to  cause  emission  of  glowing  sparks  from  the  spark 
plug  tip  much  more  frequently  than  observed  with  the  heavyweight 
igniters. 

It  is  suspected  that  the  glowing  particles  were  accumulated  in  the  spark 
plug  well  and  combustion  chamber  near  the  spark  plug.  Some  chemical 
reaction  between  the  chamber  coating  and  the  deposited  particles  could 
have  led  to  the  coating  failure. 

The  two  spark  plugs  used  for  life  testing  of  the  molybdenum  chamber 
had  both  accumulated  a deposit  on  the  center  electrode  during  testing. 

A greater  amount  of  deposit  was  found  on  the  plug  used  for  only  28, 918 
pulses  on  Run  239,  as  shown  in  Figure  78,  than  tound  on  the  plug  used 
for  the  previous  71,152  pulses,  shown  in  Figure  It  is  surmised 
that  the  heavier  deposit  on  the  second  plug  might  be  due  to  condensation 
of  products  from  the  chamber  oxidatiou  after  coating  failure. 

The  ceramic  insulator  between  the  center  electrode  and  spark  plug 
shell  of  the  two  spark  plugs  had  been  removed  to  a depth  of  0.  OGO 
inch.  This  allowed  more  wear  on  the  center  electrode  while  main- 
taining a sparking  surface,  but  also  exposed  more  area  on  the  center 
electrode  to  the  hot  combustion  gas. 

The  GLA  igniter  was  supposed  to  limit  sparking  to  a 15  millisecond 
duration,  but  was  not  terminating  the  sparking  duration.  Therefore, 
the  control  pulser  was  set  up  to  limit  energy  to  the  igniter  to  30 
milliseconds  duration. 

It  was  concluded  that  since  emitted  particles  from  the  spark  plug  had 
evidently  contributed  to  the  coating  failure,  that  future  testing  should 
be  done  with  as  short  a sparking  duration  as  possible.  It  was  also 
concluded  that  the  depth  of  cevamic  removal  should  be  reduced,  in 
case  overheating  of  the  electrode  had  been  a contributing  factor  to 
particulate  emission  from  the  spark  plug. 

d.  Life  Testing  - Columbium  Chamber 

Life  testing  of  Flightweight  Engine  No.  2 was  continued  with  the  C-103 
columbium  chamber.  The  sealing  surfaces  of  the  chamber  and  the  L-G05 
insert  in  the  spark  plug  holder  were  carefully  relapped,  after  which  a good  seal 
was  obtained.  The  columbium  disilicide  coating  buildup  thickness  at  the 
entrance  to  the  columbium  chamber,  expected  to  be  0.  005  inch,  was  actually 
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0. 007  inch,  much  thicker  then  the  coating  buildup  on  the  molybdenum  chamber. 

A spark  plug  with  the  ceramic  insulator  removed  to  a depth  of  only  0. 020  inch 
was  used  for  life  testing  of  the  columbium  chamber. 

The  igniters  used  on  the  previous  contract  to  develop  the  heavyweight  0. 1 pound 
engine  were  no  longer  in  operatii^  condition.  Therefore,  the  GLA  flight- 
weight  igniters  had  to  be  used  despite  an  indication  from  the  molybdenum 
chamber  failure  that  increased  spark  energy  of  the  GLA  igniter  was  undesirable. 
The  duration  of  sparking  was  reduced  to  5 milliseconds  to  minimize  the  amount 
of  particles  omitted  by  the  spark  plug. 

A total  of  301,726  firing  pulses  and  10.07  hours  of  hot  firing  time  were  accumu- 
lated with  the  columbluni  chamber.  The  test  history  of  the  columbium  chamber 
is  summarized  in  Table  13. 

Runs  241-242 

Two  runs  were  made  to  determine  the  minimum  spark  delay  that  would  be 
sufficient  to  obtain  ignition  with  a 5 mllliseccnd  spark  duration.  It  was  found 
that  zero  delay  was  not  satisfactory  but  ignition  was  obtained  with  a 10  milli- 
second delay. 

Run  243 

A single  five  second  firing  was  made  to  determine  engine  performance.  An 
Isp  of  331  seconds  and  a C*  efficiency  of  82. 8%  were  obtained  at  the  high 
propellant  supply  pressure. 

Run  244 

A train  of  999  pulses  was  made  with  0. 2 csconds  ON,  0„  2 seconds  OFF,  to 
determine  ignition  reliabiiity.  Ignition  was  obtained  on  aU  bv.>t  one  pulse. 

Run  246 

A 600  second  run  was  made  to  determine  steady  state  engine  temperatures 
with  the  columbium  chamber.  The  engine  temperatures,  shown  in  Table  14, 
were  all  below  the  design  limit  temperatures.  Comparing  the  engine  tempera- 
tures for  the  columbium  chamber  (Run  246,  Table  14)  and  the  molybdenum 
chamber  (Run  225,  Table  12),  it  is  seen  that  the  columbium  chamber  was 
220°F  cooler  than  the  molybdenum  chamber.  This  was  probably  due  to  the 
higher  emissivity  of  the  columbium  coating  compared  to  the  emissivity  of  the 
molybdenum  coating,  as  had  previously  been  predicted. 
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TABLE  13.  RUN  SUMMARY  FOR  LIFE  TEST  OF  0.  1 POUND  COLUMBIUM  CHAMBER 


TABLE  14.  STEADY-STATE  TEMPERATURES  WITH  0. 1 POUND  COLUMBIUM  CHAMBER 


Run  247 


A series  of  110, 891  pulses  of  0. 1 second  ON,  0. 1 second  OFF  were  made 
during  Run  247.  A 15  millisecond  delay  was  used  with  a 5 millisecond 
sparking  duration  for  this  and  all  subsequent  testing  to  insure  ignition  on  all 
pulses. 

Run  249 

The  day  after  Run  247  was  made,  a performance  check  was  made  during  a 
5 second  firing  on  Run  249.  Engine  performan>':e  was  unchanged  by  the 
previous  performance  check  on  Run  243. 

Runs  250,  252 

A series  of  127, 872  pulses  of  0. 1 seccmd  ON,  0. 1 second  OFF  were  made  on 
Run  250  and  the  next  day  a series  of  61, 939  pulses  were  made  on  Run  252  to 
complete  the  pulsing  requirement  of  300,000  pulses. 

Runs  253-255 

Three  continuous  firings  of  30  minutes  duration  were  made  to  accumulate  a 
total  of  10  hours  of  firing  on  the  engine.  The  steady  state  engine  temperatures 
measured  during  these  runs  are  shown  in  Table  14. 

Engine  performance,  determined  at  the  beginning  of  each  run,  was  found  to 
be  the  same  at  each  pressure  level  as  measured  previously.  The  Isp  for 
low,  intermediate,  and  high  supply  pressures  was  298,314  and  331  seconds, 
respectively. 

Engine  temperatures  throughout  Runs  253  and  254  were  steady  and  compatible 
with  the  reduced  heating  rates  at  these  reduced  pressures.  Engine  temperatures 
at  the  beginning  of  Run  255  were  similar  to  the  temperatures  on  the  previous 
Run  246  at  high  supply  pressure,  with  the  exception  of  the  spark  plug  holder 
which  was  1740°F  Qiigher  than  the  1600°F  design  limit  and  higher  than  the 
1350°F  temperature  measured  on  Run  246).  The  reason  for  this  higher 
temperature  is  not  known,  but  might  be  related  to  buildup  of  particles  emitted 
by  the  spark  plug. 

After  22  minutes  of  Run  255,  the  chamber  pressure  suddenly  rose  and  the 
engine  temperatures  started  dropping.  Ry  the  end  of  the  30  minute  run,  the 
chamber  temperature  had  dropped  to  1200°F.  'I'lie  hydrogen  manifold  pres- 
sure also  rose  high  enough  to  urchoke  the  sonic  orifice  controlling  hydrogen 
flow  rate.  The  measured  parameters  indicated  that  partial  blockage  of  the 
throat  had  occurred.  The  reduced  propellant  flow  rates  despite  the  higher 
chamber  pressure,  resulted  in  less  heating  of  the  engine. 


1 

I 


! 

I 


146 


I 


The  engine  wae  disassembled  and  inspected.  A slag-Ilke  deposit  was  found 
all  over  the  throat  wall  with  a small  hole  in  the  center,  as  shown  in 
Figure  80.  The  chamber  was  sectioned  in  half,  and  a coating  failure  was 
found  in  about  the  same  location  as  the  failure  in  the  molybdenum  chamber, 
at  the  entrance  end  near  the  spark  plug  holder.  The  aectioned  columbium 
chamber  is  shown  in  Figure  81.  A hard,  dark  green  deposit,  probably  an 
oxidation  product  of  columbium,  was  found  on  the  chamber  inside  surface. 

A hard,  dark  green  deposit  was  also  found  in  the  combustion  zone  within  the 
spark  plug  holder.  The  access  port  to  the  spark  plug  was  completely  closed 
by  this  dark  green  deposit.  The  tip  of  the  spark  plug  was  in  good  condition 
(Figure  82)  with  much  less  buildup  of  deposit  on  the  center  electrode  than 
on  the  spark  plugs  used  with  the  molybdenum  chamber. 

The  test  data  and  post-test  examination  lead  to  the  conclusion  that  engine 
operation  was  normal  throughout  a total  of  301,726  pulses,  and  all  but  the 
last  eight  minutes  of  the  10. 07  hours  of  hot  firing. 

A failure  of  the  columbium  disilicide  coating  occurred  sometime  during  the 
last  30  minute  run.  Therefore,  the  engine  fullfilled  the  life  goal  of  300,000 
pulses,  but  fell  just  short  of  the  10-hour  life.  The  combination  of  the  thicker 
coating  on  the  columbium  chamber,  plus  the  reduced  sparking  duration, 
resulted  in  a much  longer  engine  life.  The  engine  testing  was  more  severe 
tlian  the  10  hours  of  life  over  a seven-year  satellite  mission  would  require, 
because  of  the  lack  of  engine  cooling  between  pulse  trains.  During  Runs  247 , 
260,  and  252,  during  which  a total  of  300,701  pulses  of  0. 1 second  ON,  0. 1 
second  OFF  were  accumulated,  the  temperature  of  the  combustion  chamber 
was  1400°F  for  a total  of  16. 7 hours. 

Inasmuch  as  both  the  columbium  and  molybdenum  chambers  failed  in  the 
same  general  location,  it  seems  likely  that  the  same  cause  of  failure  was  in 
effect.  The  most  likely  cause  is  chemical  reaction  between  the  coatings  and 
the  particles  deposited  from  the  spark  plug.  It  seems  likely  that  this  could 
be  corrected  by  using  a lower  spark  energy  similar  to  that  used  for  develop- 
ment of  the  heavyweight  engine. 

e.  Pulsing  Performance 

A low  volume  holder  for  the  chamber  pressure  transducer  was  connected  to 
the  spark  plug  holder  through  a 0.026  inch  ID  tube.  The  volume  in  the  chamber 
pressure  transducer  on  the  heavyweight  engine  had  been  10.6  times  as  large 
as  the  combustion  chamber  volume.  The  time  to  reach  90%  of  chamber  pres- 
sure had  been  observed  to  be  as  much  as  500  milliseconds  for  a cold  heavy- 
weight combustor.  Pressure  rise  was  faster  with  a hotter  combustor.  It 
was  surmised  that  the  combustion  gas  entering  the  px'essure  transducer  line 
was  being  quenched,  causing  a slow  chamber  pressure  rise. 
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Testing  with  the  Flightweight  Engine  No.  2,  which  had  a chamber  pressure 
transducer  system  volume  only  1. 1 times  as  large  as  the  combustion  chamber 
showed  that  the  pressure  rise  time  was  still  long,  i.  e. , on  the  order  of  500 
milliseconds  for  a cold  combustor. 


The  chamber  pressure  rise  characteristics  oJ!  Flightweight  Engine  No.  2 are' 
shown  in  Figure  83.  The  chamber  pressure  rises  much  more  quickly  if  the 
combustor  is  hot,  reaching  90%  of  the  steady  state  value  in  30  milliseconds 
if  the  chamber  is  initially  1400°F,  compai'ed  to  about  1000  milliseconds  if  the 
chamber  is  cold.  The  pressure  rise  is  even  faster  if  the  chamber  temperature 
is  near  the  steady  state  value  (1789^F  for  a columbium  chamber). 


Subsequent  to  obtaining  test  firing  data,  heat  transfer  and  performance  analysis 
was  done  which  showed  that  the  slow  pressure  rise  is  due  to  heat  loss  to  the 
combustor  walls.  The  heat  loss,  radiation  from  the  combustor  and  spark  plug 
holder,  was  calculated  to  be  .475  BTU /second  for  a coated  columbium  chamber 
with  a temperature  of  1780°F  and  an  emissivity  of  .72.  The  theoretical  heat 
release  from  the  propellant  flow  rate  of  3.03  x 10""^  pound/second  is  1.75  BTU/ 
second.  Therefore,  the  heat  loss  in  steady  state  is  27%  of  total  combustion 
energy.  This  leads  to  a predicted  C*  efficiency  of  about  85%,  The  85%  C* 
efficiency  observed  during  steady  state  test  firings  indicates  that  the  additional 
performance  loss  due  to  incomplete  mixing  and  combustion  was  only  about  3%, 


Even  greater  heat  loss  will  occur  whenever  the  combustor  temperature  is  colder 
than  the  steady  state  value,  which  would  explain  the  observed  relationship 
between  combustor  temperature  and  rate  of  chamber  pressure  rise. 


The  unusually  large  effect  of  boat  loss  on  performance  of  the  0, 1 pound  engine 
is  caused  by  the  large  ratio  of  combustor  inside  surface  area  to  chamber 
volume,  due  primarily  to  the  very  small  chamber  diameter  of  this  size  engine. 
With  a chamber  ID  of  0, 08G  inch,  a chamlx;r  length  of  1. 25  inches,  and  a 
throat  diameter  of  0. 031  inch,  the  chamber  L*  is  9. 6.  The  chamber  length 
and  contraction  ratio  were  chosen  to  maximize  steady  state  perfoniiance,  A 
reduction  in  chamber  length  in  an  attempt  to  reduce  heat  loss  would  involve 
a trade-off  between  steady  state  Isp  and  transient  pressure  rise  rate.  However, 
the  present  configuration  which  produced  a high  performance  (331  seconds  Isp) 
is  probably  preferable  for  most  applications. 


Since  the  combustor  and  attach  bolt  temperatures  were  considerably  below 
their  temperature  limits,  the  combustor  OD  could  be  reduced  somewhat.  This 
would  reduce  weight  and  give  some  improvement  in  pulsing  and  steady  state 
performance. 
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SECTION  V 

SPARK  IGNITION  AND  EXCITER  SYSTEM 

1.  r 'EM  DESCRIPTION 

The  b.O  Ibf  and  0.1  Ibf  thrust  GO2/GH2  rocket  engines  used  to  provide  the  attitude 
>mtrol  and  AV  maneuvers  for  the  water  electrolysis  system  are  ignited  by  a spark 
plug  located  in  the  combustion  chambers  of  the  engine.  Figure  84  shows  the  spark 
plug  used  in  the  two  engines.  The  Champion  Spark  Plug  Company's  FHE  232A  is 
a standard  item  used  for  ignition  of  reciprocating  and  jet  engines.  A semiconductor 
material  is  located  on  the  tip  between  the  anode  and  cathode.  This  material  is  re- 
moved prior  to  use  on  the  rocket  engines  so  that  a high  voltage,  low  total  energy 
spark  is  produced,  rather  than  a low  voltage,  high  total  energy  which  is  character- 
istic of  a "shunt"  type  plug.  During  the  design  phase  of  this  program,  the  possi- 
bility of  changing  the  spark  plug  material  was  investigated  but  heat  transfer  studies 
indicated  that  the  temperature  of  the  spark  plug  and  igniter  tip  could  be  kept  at  a 
temperature  which  was  well  below  the  temperature  at  which  spark  plug  performance 
would  degrade. 

The  principle  purpose  of  the  igniter/ignition  phase  of  this  program  was  to  develop 
an  ignition  system  which  was  both  reliable  and  flight  type.  Prior  studies  with  the 
Bel  Air  Igniter,  described  in  Reference  1,  showed  that  the  engines  could  be  ignited 
with  one  millijoule  of  energy,  but  under  certain  conditions  of  mixture  ratio  and 
temperature  that  a greater  energy  would  be  required. 

The  flight  type  exciter  to  provide  energy  to  the  spark  plug  was  made  by  General 
Laboratory  Associates  of  Norwich,  New  York.  The  design  and  operating  charac- 
teristics of  the  flightweight  exciter  are  presented  in  Appendix  A. 

2.  TEST  PROGRAM  RESULTS 

Three  flight  type  and  one  boiler  plate  exciter  systems  were  supplied  by  GLA  for  the 
test  program.  The  boiler  plate  system  was  used  to  test  the  5 Ibf  thruster  which  was 
built  for  the  system  test  and  this  exciter  supplied  10  millijoules  of  energj’  but  did  not 
have  EMI  suppression  as  a control  circuit.  The  throe  flight  systems  contained  a 
control  system  which  delayed  the  spark  for  4-5  milliseconds  after  electrical  signal. 
The  spark  rate  was  500  Hz  with  7 sparks  supplied  in  15  milliseconds.  Figures  Nos. 
85,  86  and  87  show  the  acceptance  test  records  for  the  three  flight  typo  exciters. 
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SECTION  VI 


CONCLUSIONS 

The  results  of  the  life  testing  of  the  water  electrolysis  propulsion  system,  the 

5 Ibf.  fli^twei^t  engine  and  the  0. 1 Ibf.  flightweight  engine  lead  to  the  following 

conclusions: 

1.  Initial  life  testing  of  the  water  electrolysis  unit  revealed  design  inadequa- 
cies after  19  weeks  of  te'.ting.  The  design  inadequacies  were  eliminated 
and  the  modified  electrolysis  unit  operated  without  any  change  in  perfor- 
mance for  14  weeks  of  continuous  testing. 

2.  All  components  of  the  propellant  supply  system  operated  satisfactorily 
after  substitution  of  a Carpenter  20  check  valve  in  the  oxygen  outlet  line. 

3.  The  propellant  supply  system  does  not  require  a water  deionizer  or 
water  filter. 

4.  The  flightweight  5 Ibf.  engine  satisfactorily  met  all  performance  require- 
ments including  a high  specific  impulse,  repeatable  impulse  bits  and  high 
ignition  reliability  at  a 3 to  1 blowdown  ratio. 

5.  The  flightweight  0. 1 engine  demonstrated  the  capability  to  operate  for 
more  than  10  hours  life  and  300, 000  pulses.  Increased  life  should  be 
possible  with  a reduced  spark  energy. 

6.  The  flightweight  0. 1 Ibf.  engine  demonstrated  high  specific  impulse 
and  high  ignition  reliability  for  supply  pressures  as  low  as  100  psia, 
corresponding  to  a 2: 1 blowdown  from  a 200  psia  system. 
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SECTION  VU 


RECOMMENDATIONS 

The  following  recommendations  are  based  on  the  fact  that  the  water  electrolysis 
satellite  propulsion  system  possesses  significant  weight  advantages  for  attitude 
control  and  AV  of  large,  long>life  satellites. 

1.  Furt'^er  life  testing  of  the  modified  water  electrolysis  unit  should  be 
accomplished  with  100, 000  pound-seconds  being  the  primary  goal. 

2.  A single  cell,  flightwei^t  water  electrolysis  system  combined  with 
the  0.1  and  5.0  pound  thruster  should  be  designed,  built,  and  tested 

to  demonstrate  its  weight  and  performance  advantage.  > 

1 


APPENDIX  A 


FLIGHTWEIGHT  IGNITER 

The  General  Laboratoiy  Associates  of  Norwich,  New  York,  successfully  developed 
a flight  type  exciter  (Figure  Al)  for  use  in  the  water  electrolysis  system.  This 
exciter  weighs  1. 5 pounds  and  has  an  integral  timer  circuit  and  E^ll  suppression. 
Figures  A2  and  A3  show  the  wiring  schematic  and  installation. 

EXCITER  OPERATION 

The  exciter  consists  of  six  basic  sections,  each  performing  a required  fimction. 

They  are  as  follows:  (Reference  Block  Diagram  Figure  A4) 

The  Input  Section  contains  the  reverse  polarity  diode  for  reverse  input  pro- 
tection and  a curi'ent  limiting  resistor.  Also  in  this  section  are  the  voltage 
dropping  resistors  for  the  zener  regulator  of  the  Delay  Section. 

The  fimction  of  the  Delay  Section  is  to  sense  the  application  of  input  voltage 
and  generatt-  a signal  after  the  proper  interval  of  time  to  activate  the  Burst 
Length  Control  circuit. 

The  Burst  Length  Control  determines  the  length  of  time  the  Charging  Circuit 
and  Discharge  Circuit  will  function.  These  circuits  yield  a burst  of  high 
voltage-high  current  discharges  at  the  igniter  gap  for  a fixed  time  period. 

The  EMI  Filter  Section  provides  filtering  of  interference  pulses  generated 
in  the  Charging  and  Discharge  Sections. 

The  application  of  28  ± 4 VDC  of  proper  polarity  to  the  input  of  the  Input 
Section  results  in  the  reverse  biasing  of  the  reverse  polarity  diode  Dl-1. 

Thus,  it  appears  as  an  "open"  and  allows  exciter  operation.  However,  if 
the  polarity  of  the  input  is  reversed,  the  diode  will  be  forward  biased, 
appearing  as  a short  circuit  with  R1  in  series.  This  will  draw  sufficient 
current  to  trip  a circuit  breaker  or  cause  a fuse  to  open.  Protecting  the 
exciter  with  a circuit  breaker  or  fuse  of  2 to  3 amperes  will  be  adequate. 

Applying  28  ± 4 VDC  to  the  input  in  the  proper  polarity  will  initiate  the 
Delay  Circuit  as  follows:  Current  will  flow  from  B pin  through  Rl,  R2-1, 

C4-1,  D3,  C4-2,  and  R2-2  to  A pin;  D3  is  a zener  diode,  R2-1  and  R2-2  are 
tlie  dropping  resistors  for  D3.  The  combination  of  R2-1,  C4-1  and  R2-2, 

C4-2  form  small  EMI  filters.  The  voltage  across  D3  will  rise  rapidly.  The 
Delay  Circuit  operates  from  the  regulated  source  D3. 

The  Delay  Circuit  is  basically  a programmable  Unijunction  Oscillator  (Q3). 

Its  standoff  ratio  is  set  by  the  ratio  of  R13/R14.  The  delay  is  set  by  the  RC 
network  R17,  C5.  When  the  charge  on  C5  reaches  the  firing  point,  Q3  conducts. 

^ PrecidiRt  piKe  blank 
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Figure  A2.  Schematic  Wiring  Diagram  for  Flightweight  ^niter 


The  discharge  of  C5  produces  a pulse  at  the  gate  of  Q2  SCR.  This  pulse  "gates" 
Q2  to  the  "ON"  state.  The  unijunction  oscillator  continues  to  operate  as  long 
as  there  is  voltage  on  the  input.  However,  Q2  "latches"  in  the  ON  stage  until 
the  input  voltage  is  removed.  When  Q2  is  ON,  the  input  diode  ( a light  emitting 
diode  in  the  optoelectronic  coupler,  OC)  is  activated.  The  output  of  the  OC  is 
in  the  Burst  Length  Control  Circuit.  The  OC  is  a device  to  couple  one  circuit 
to  another  with  a high  degree  of  electrical  isolation,  thus  the  Delay  circuit  is 
electrically  isolated  from  the  Burst  Control  Circuit  and  will  respond  only  to 
conditions  at  the  input  to  the  exciter. 


Other  components  in  the  Delay  Section  are  protection  against  false  firing  of 
Q3  due  to  switch  or  relay  contact  bounce;  to  prevent  this  false  firing,  C5  must 
discharge  faster  than  C2-2.  This  is  done  by  making  the  time  constant  of  C5, 
R6-4  faster  than  the  time  constant  of  C2-2  x (R13  + R14). 

The  delay  is  set  for  2. 2-2,4  milliseconds.  During  this  delay  time,  Cl  will 
charge  to  near  input  voltage  through  Ll-1,  Dl-2,  and  Ll-2,  Dl-2  prevents 
discharge  of  Cl  back  to  the  input  and  prevents  activating  the  Delay  Circuit 
when  input  power  is  removed.  C2-1  "softens"  the  switching  characteristics 
of  Dl-2  for  EMI.  Cl  serves  two  purposes.  It  is  an  effective  filter  for  the 
audio  susceptibility  requirements  (AC  voltages  impressed  on  the  DC  line) 
and  tends  to  cancel  the  reactance  of  the  EMI  Filter  Inductors  Ll-1  and 
Ll-2. 

C3-1  and  C3-2  are  feed-through  capacitors  which,  in  conjunction  with  Ll-1 
and  Ll-2,  comprise  the  major  EMI  filtering  elements  of  the  exciter. 


At  the  end  of  approximately  2.4  milliseconds  after  application  of  input  voltage, 
a pulse  has  been  generated  to  turn  on  Q2  and  cause  the  LED  (Light  Emitting 
Diode)  in  the  OC  to  light.  This  beam  of  light  will  activate  the  photo  transistor 
(output  portion)  of  the  OC. 

This  transistor  receives  its  power  from  the  zener  diode  (DS)  regulated  source 
(R3  is  the  zener  dropping  resistor).  R9  is  the  transistor  load  resistor.  When 
the  transistor  is  turned  on  by  the  light  from  the  LED,  a pulse  is  coupled  to 
pin  8 (positive  edge  trigger  input  of  the  Ic)  through  C6.  The  Ic  is  a monastable 
multivibration,  whose  timing  is  set  by  the  RC  combination  R18,  C7.  The  Ic 
also  shares  the  regulated  power  of  zener  D5. 


When  pin  8 is  triggered,  pin  10,  which  is  normally  low  (at  zero  voltage),  goes 
high  and  turns  on  the  emitter  follower  Ql-2  and  then  Ql-i. 


During  the  interval  of  th  .■  Belay  Circuit  operation,  the  charging  circuit  is 
inoperative  because  Ql-1  is  off,  causing  current  to  flow  through  R4  and  D6 
to  the  base  of  Q4.  This  forward  bias  forces  Q4  into  saturation  (turned  on  with 
low  resistance).  The  starting  current  for  the  charging  circuit  flows  through 
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R5  and  R8  during  the  charging  cycles.  However,  until  the  Q4  is  turned  off, 
current  will  flow  through  R5  and  Q4  to  the  negative  line,  disabling  the 
charging  circuit.  When  Q1>1  is  turned  on,  the  bias  on  Q4  is  removed,  turn- 
ing Q4  oft'  and  allowing  the  starting  current  to  flow  through  R5  and  R8  to  the 
base  of  Q5. 

This  starting  current  (forward  bias)  on  the  Q5  base  emitter  junction  causes 
current  to  flow  through  the  primary  of  T (power  transformer),  the  Q5 
collector-emitter  junction  and  return  to  the  negative  input  line. 

The  current  flow  in  the  primary  of  T1  induces  a voltage  in  the  feedback  wind- 
ing of  Tl.  Because  the  current  increase  in  T1  primary  is  linear,  the  voltage 
out  of  the  feedback  winding  will  be  br  sically  a square  wave  in  shape.  This 
voltage  causes  current  to  flow  through  R19  and  D2-1  to  keep  Q5  in  the  "ON" 
state. 

When  the  loop  gain  of  Q5,  R19  and  the  feedback  winding  reaches  zero,  the 
collector  current  can  no  longer  increase  and  the  feedback  voltage  decreases 
to  zero.  Therefore,  the  current  in  the  primary  decreases  to  zero  very 
rapidly.  The  polarity  of  the  high  voltage  winding  of  Tl  is  such  that  the  htgh 
voltage  rectifier  CRl  is  blocking  (reversed  biased)  when  the  current  in  the 
primary  is  increasing.  When  the  current  rapidly  decreases,  a high  voltage 
pulse  of  the  opposite  polarity  is  induced  in  the  winding.  This  energy 
pulse  places  a charge  on  the  energy  storage  capacitor  CIO, 

Concurrently  with  this  pulse  generation,  the  feedback  winding  produces  a pulse 
of  opposite  polarity  (-)  which  is  applied  through  D2-2  to  the  base  of  Q5  (reverse 
bias)  aiding  in  the  turnoff  of  Q5,  When  all  of  the  energy  stored  in  th(3  trans- 
former has  been  "delivered"  to  CIO,  Q5  will  again  conduct  and  the  charge 
cycle  will  repeat.  C8  and  C12  are  bypass  capacitors  that  eliminate  Q5 
response  to  high  frequency  pulses.  This  charging  cycle  will  continue,  and 
each  time  Q5  is  turned  off,  the  voltage  on  CIO  will  increase.  When  the  voltage 
on  CIO  reaches  the  ionization  point  of  the  discharge  tube,  VI  will  ionize  and 
the  discharge  cycle  will  begin. 

The  Discharge  Section  serves  two  functions.  The  first  is  to  provide  a trigger 
(or  ionizing)  pulse  (5KV)  to  the  igniter.  The  second  is  the  energy  portion  of 
the  discharge  which  comprises  the  spark  at  the  igniter  tip.  The  trigger 
voltage  is  generated  by  the  resonant  charging  of  Cll  through  L2  (a  high  Q 
inductor).  This  places  a voltage  on  Cll,  and  also  on  the  igniter  electrodes 
that  is  1. 6 to  1.  8 times  that  of  the  voltage  on  CIO.  ^ee  following  pages  for 
a detailed  description  of  Resonant  Charging.)  This  trigger  voltage  appears 
at  the  igniter  center  electrode  to  ionize  the  igniter  gap. 

Upon  ionization  of  the  igniter  gap,  the  main  portion  of  the  discharge  occurs 
as  follows:  Current  flows  through  L2,  through  the  center  conductor  of  the 
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output  cable  to  the  center  electrode  of  the  igniter,  through  the  ionized  gap  of 
the  igniter  producing  a spark,  to  the  outer  electrode,  back  to  CIO  through  the 
outer  conductor  of  the  outpi^o  cable  and  case.  The  characteristic  of  the  dis- 
charge is  Unidirectional  (see  following  pages  for  a full  description  of  Uni- 
directional Discharge). 

When  the  voltage  on  CIO  reaches  zero,  all  of  the  energy  stored  in  CIO  has 

( 

not  been  dissipated  in  the  circuit.  A large  amount  is  stored  in  L2  I E = J. 

L2  now  becomes  an  energy  source.  This  remaining  energy  will  now  start  to 
charge  CIO  in  a negative  direction.  This  will  forward  bias  CR2  clamp  rectifer. 
Due  to  the  low  forward  drop  of  CR2,  VI  and  CIO  are  removed  from  the  circuit 
and  the  remaining  energy  is  dissipated  at  the  igniter  tip.  RIO  serves  as  a 
protective  load  in  the  event  the  igniter  is  quenched  or  the  exciter  is  operated 
without  the  proper  cable  and  spark  igniter. 

This  charging  and  discharging  of  CIO  will  continue  until  the  Burst  Length 
Circuit  switches  to  the  off  state.  At  this  time,  the  starting  current  to  Q5 
will  be  removed,  stopping  oscillation  and  further  charging  of  CIO,  The 
charging  circuit  will  not  function  until  input  power  is  removed.  Reapplication 
of  power  will  again  activate  the  exciter  with  the  associated  delay,  burst 
duration  and  turnoff  sequences. 

The  basic  spark  rate  is  set  at  400  sparks/second  at  28  VDC  input.  This  yields 
a nominal  2.5  millisecondj  between  discharge  pulses.  Thus,  in  a 15  milli- 
seconds burst  duration,  6 pulses  should  be  present. 

Due  to  the  characteristics  of  VI  discharger  tube,  the  charge  time  per  pulse 
will  vary  slightly.  This  is  due  to  the  high  discharge  rate.  The  discharge 
tube  will  vary  slightly  in  its  ionization  ooint,  yielding  this  variation  in  chaige 
time.  The  charging  time  is  also  a ftinction  of  the  input  voltage,  so  at  24  VDC 
input,  the  charge  time  will  be  longer,  and  at  32  VDC,  it  will  be  shorter. 
Therefore,  the  delay  to  the  first  output  pulse  will  vary  with  the  input  voltage 
level.  The  delay  cirucit  is  designed  to  impart  2.  3 milliseconds  nominal 
delay.  This  designed  delay  plus  the  charge  time  is  the  total  delay  to  the  first 
pulse.  Tests  show  a delay  of  4. 7 milliseconds  at  28  VDC,  becomes  5 milli- 
seconds at  24  VDC  and  4. 1 milliseconds  at  32  VDC. 

Due  to  the  high  voltage  involved  in  the  Discharge  portion,  this  method  of 
delay  was  used.  For  greater  accuracy,  more  complicated  circuits  would  be 
involved  and  would  increase  the  voliune,  weight,  and  cost  of  the  exciter. 

a.  Resonant  Charging 

Figure  A5  is  a schematic  of  the  components  used  in  the  discharge  of  the 
capacitor  to  provide  energy  to  the  spark  plug.  The  monitor  circuit  and 
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resistors  which  have  nothing  to  do  with  plug  firing  are  omitted. 


Figure  A5.  Resonant  Charging  Components 


Capacitor  C3,  Inductor  L3,  and  Capacitor  C4  form  a resonant  charging 
circuit,  the  purpose  of  which  is  (1)  to  increase  the  voltage  applied  to  the 
spark  plug,  and  (2)  to  control  the  rise  time  of  the  voltage  to  the  spark  plug 
so  that  the  full  voltage  is  not  applied  to  the  plug  instantaneously. 

The  circuit  of  Figure  A5  can  be  simplified  for  analysis  as  follows  (see 
Figure  A6).  When  the  Gap  VI  fires,  it  is  a short  circuit  and  can  be  eliminated 
from  the  circuit.  Capacitor  C3  has  a much  larger  capacity  than  Ct  and  can 
be  considered  a stiff  DC  source  during  the  period  of  time  we  are  considering 
(time  from  Gap  firing  to  Plug  firing).  What  remains  is  the  resonant  charging 
circuit  of  Figure  A6, 


Figure  A6.  Resonant  Charging  Circuit 
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At  the  instant  the  gap  fires,  all  the  voltage  appears  across  the  inductor  L3, 
and  the  voltage  at  point  B is  zero.  Current  will  begin  to  flow,  charging  C4 
to  the  value  of  the  source  voltage  (see  Figure  A7).  This  charging  current 
builds  up  a magnetic  £eld  about  inductor  L3.  When  the  capacitor  C4  has 
charged  to  the  value  of  the  souroe  voltage,  current  would  cease  to  flow  if  the 
inductor  were  not  present.  The  magnetic  field  that  has  been  built  up  about  the 
inductor  begins  to  collapse  at  this  point  and  causes  current  to  continue  to  flow 
in  the  same  direction  until  the  field  has  completely  collapsed  (Lenz's  Law). 

This  additional  current  flow  in  the  same  direction  will  theoretically  charge 
C4  to  twice  the  source  voltage.  Because  part  of  the  energy  stored  in  the 
magnetic  field  is  lost  to  heating  and  other  losses,  C4  actually  charges  to  only 
1. 6 to  1.  8 times  the  tank  voltage. 

If  the  circuit  of  Figure  Ar6  were  allowed  to  continue  undisturbed,  C4  would 
discharge  back  to  the  source  voltage  with  the  discharge  current  again  building 
up  a magnetic  field  about  L3.  This  field  would  begin  to  collapse  when  VB  = VA 
and  cause  the  discharge  current  to  continue  flowing  in  the  same  direction. 

VB  is  less  than  VA  when  the  field  is  completely  collapsed,  and  C4  will  again 
start  to  charge  to  the  source  voltage.  This  process  would  continue  with  energy 
being  gradually  lost  until  the  condition  is  reached  where  VB  = VA,  and  there 
is  no  energy  stored  in  the  magnetic  field.  The  spark  ignitor  will  fire  some- 
where between  O and  X on  the  VB  curve  (see  Figure  A7). 


Figure  A7.  Voltage  and  Current  Transients 
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Some  of  the  advantages  of  the  resonant  charging  augment  circuit  are  listed 
below: 

(1)  A simple  means  of  providing  an  output  voltage  1. 6 to  1. 8 times  the 
storage  capacitor  voltage.  This  increased  voltage  extends  the  life  of 
a semi-conductor  surface  gap  type  spark  igniter.  The  higher  voltage 
will  ionize  discontinuities  in  the  semi-conductor  surface  and  in  the 
contact  between  electrodes  and  the  semi-conductor. 

(2)  The  slower  rate  of  rise  of  the  output  voltage  increases  the  possibility 
of  ionizing  discontinuities  in  the  contacts  between  semi-conductor 
surface  and  electrodes. 

(3)  L3  also  can  be  used  to  lengthen  the  discharge  period  of  the  storage 
capacitor.  In  some  applications,  this  provides  a gain  in  burner  ignition 
characteristics. 

(4)  L3  also  can  be  adjusted  to  provide  optimum  energy  transfer  from  the 
storage  capacitor  to  the  igniter  tip.  The  discharge  current  can  be 
controlled  by  the  inductance.  The  inductance  of  the  discharge  circuit 
is  normally  very  low  without  L3  and  the  discharge  currents  high.  The 
high  currents  cause  losses  in  the  linear  resistance  of  the  circuit  com- 
ponents and  wiring. 

By  inserting  the  inductance  of  L3,  the  currents  and  losses  are  decreased.  The 
Q of  the  inductor  is  kept  high  to  minimize  I^F  losses.  The  low  limit  on  dis- 
charge current  is  dictated  by  practical  size  of  the  inductor,  peak  discharge 
power  requirements  of  the  burner,  and  igniter  characteristics. 

b.  Oscillatory  Discharge 

The  conventional  method  of  converting  input  power  to  spark  energy  is  to  use 
an  oscillatory  discharge  circuit  of  the  type  shown  in  Figure  A8. 


H- 


Figure  A8.  Oscillatory  Discharge  Circuit 
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The  characteristics  of  an  oscillatory  discharge  circuit  are  shown  in  Figure  A9. 
When  the  voltage  on  Cd  in  Figure  A8  reacins  the  breakdown  voltage  of  the 
discharge  gap,  current  flows  from  the  positive  terminal  of  Cj)  through  the  gap, 
the  circuit  inductance  and  resistance,  and  the  spark  igniter  to  the  other 
terminal  of  Cd*  Some  of  the  energy  stored  on  is  dissipated  in  the  circuit 
resistance,  including  the  discharge  gap^and  some  in  tVie  spark  igniter.  A 
large  amount  is  stored  in  the  circuit  inductance  Ll.  This  energy  is  trans- 
ferred back  to  Cq  as  a negative  voltage  as  shown  by  the  Cq  voltage  waveform. 
The  energy  will  continue  to  oscillate  between  and  L until  it  is  dissipated 
in  the  circuit  resistance  and  the  spark  igniter.  In  a typical  exciter,  18  to  25% 
of  the  energy  is  dissipated  at  the  igititer  tip. 


Unidirectional  Discharge 


A unidirectional  discharge  circuit  is  shown  in  Figure  AlO. 
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Figure  AlO.  Unidirectional  Discharge  Circuit 


The  operating  characteristics  of  a unidirectional  discharge  circuit  are  shown 
in  Figure  All.  Operation  is  the  same  as  the  oscillatory  discharge  circuit 
for  the  first  one-quarter  cycle  of  Cq  voltage  discharge  current.  When  the 
voltage  on  Cd  starts  to  reverse  or  go  negative  (point  T/4)  Cltj^  is  forward 
biased  and  the  discharge  current  path  switches  from  the  discharge  tube  through 
CRj.  The  remaining  energy  is  at  this  time  stored  in  L and  is  dissipated  in 
the  circuit  made  up  of  the  spark  igniter  gap,  CRj,  and  the  remaining  circuit 
resistance. 

The  discharge  gap  and  Cq  are  removed  after  the  first  quarter  cycle,  prevent- 
ing the  oscillation  of  energy  and  providing  a nonreversing  or  unidirectional 
discharge  pulse.  The  increase  in  efficiency  is  mainly  due  to  the  elimination 
of  the  discharge  capacitor  and  gap  after  the  first  quarter  cycle.  In  the  oscil- 
latory circuit,  the  gap  dissipates  nearly  as  much  energy  as  the  spark  igniter, 
as  it  has  a similar  arc  voltage  and  the  same  current  flows  through  it. 

Typical  efficiencies  range  from  36  to  50%  as  compared  to  18  to  25%  with  the 
oscillatory  pulse. 
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The  important  component  in  the  circuit  is  CR^.  It  must  have  a reverse 
voltage  capability  equal  to  the  voltage  on  Cjy  (2000  to  3600  volts)  and  pass  the 
discharge  current  in  the  forward  direction  (200~3000  amperes).  The  losses 
in  the  forward  direction  must  be  minimal  to  provide  for  the  maximum 
efficiency. 

The  unidirectional  discharge  pulse  exciter  offers  reduction  in  size  and  weight 
and  reduced  input  power  requirements.  The  reduced  input  power  is  also  an 
advantage  in  miniature  continuous  duty  exciters  where  heat  dissipation  is  a 
problem.  The  concept  can  be  used  for  both  high  tension  and  low  tension 
exciters. 


Bench  tests  on  shunted  surface  gap  spark  igniters  indicate  a substantial 
Increase  in  life  can  be  expected  with  the  unidirectional  discharge. 
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Figure  All,  Char&cteristio.s  of  Unidirectional  Discharge  Circuit 


1.0  TEST  SPECIMEN 

Part  No.  Name  Serial  No.  Qty 

48829  IGNITION  EXCITER  003  1 

2.0  TEST  PURPOSE 

2. 1 Evaluate  the  prototype  unit  for  EMI/EMC  characteristics  to  MIL-STD-461A, 
Notice  3,  Class  A2. 

2.2  Develop  test  procedures  that  will  permit  preparation  of  formal  test  plans 
for  later  phases  of  the  program. 

3.0  REQUIREMENTS 

Perform  EMI  tests  to  Method  CE-03  (20  KHz  to  50  MHz  Power  Leads), 
Method  RE- 02  (14  KHz  to  10  GHz  Electric  Field)  and  Method  CS-01  (30  Hz 
to  50  KHz  Conducted  Susceptibility). 

4. 0 TEST  DETAILS 

4. 1 Method  CE-03 

Figure  Bl  depicts  the  lest  setup.  Measurements  were  made  over  the  20  KHz 
to  50  MHz  frequency  range  using  the  slideback  substitution  method.  Prelim- 
inary testing  showed  that  the  turn-on  transient  was  much  larger  than  the  EMI 
due  to  sparking  in  the  15  MS  burst.  The  transient  was  also  found  to  be  well 
above  (nearly  40  DB)  the  specified  limits.  A 2 MH  inductor  was  connected  in 
series  between  the  negative  terminal  of  the  3 PPS  solid  state  switch  and  the 
negative  line  10  mfd  feed-thru  capacitor  in  order  to  reduce  the  transient  to 
less  than  CE-03  broadband  limits.  The  remaining  transient  was  still  larger 
than  the  EMI  due  to  steady  operation  of  the  ignition  circuit.  Details  of  the 
solid  state  switch  are  shown  in  Figure  B2.  The  rise  time  of  the  voltage 
across  the  load  is  in  the  order  of  40  usoc.  A short  duration  transient  is 
caused  by  the  resonant  charging  of  the  10  mfd  F.T.  capacitor  of  the  EMI  test 
setup  (MIL-STD-461A  required).  PageBLS  shows  the  conducted  EMI  levels 
at  20  KHz  and  65  KHz  using  the  switch  only.  Pages  H4  thru  B19  show  accept- 
able EMI  levels  using  the  2 MH  series  inductor  to  limit  the  on  transient. 
Pages  B20  thru  B23  show  conducted  EMI  levels  on  both  the  switch  side  (line) 
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and  exciter  side  of  the  10  m£d  F.T.  capacitors  with  the  drive  to  the  switch- 
ing transients  of  the  solid  state  switch  reduced  such  that  the  rise  time  of 
the  voltage  to  the  exciter  was  reduced  to  approximately  1 msec.  It  will  be 
noted  that  the  EMI  is  greater  on  the  switch  side  of  the  capacitors. 

The  acceptable  data  of  pages  B14  thru  B19  is  plotted  in  Figures  B3  and  B4. 

4. 2 Method  RE-02 

No  change  in  layout  was  made  from  that  used  for  CE-03,  except  that  exces- 
sive radiation  was  foimd  to  be  originating  in  the  2 MH  series  inductor  used 
for  CE-03.  The  inductor  was  removed  from  the  test  setup  and  the  solid  state 
switch  was  modified  to  reduce  the  tarn-on  current  surge  as  in  4.1.  The  radi- 
ated levels  were  reduced  to  less  than  RE-02  broadband  EMI  limits  at  all  fre- 
quencies except  those  in  the  14  KHz  to  20  KHz  range.  This  ita  is  shown  on 
pages  B25  thru  B28.  Page  B24’  shows  the  radiated  EMI  leve  s in  the  14  KHz 
to  150  KHz  range  with  the  10  mfd.  F.T.  capacitor  to  exciter  leads  laying  on 
the  gromid  plane.  Tnis  roughly  simulated  shielding  these  leads  and  shows 
that  the  conducted  transient  on  the  input  leads  was  the  source  of  the  high  radi- 
ated levels  at  14  KHz  to  20  KHz. 

The  data  of  pages  B24  thru  B28  is  plotted  in  Figure  B5. 

4. 3 Method  CS-01 

The  conduci.ed  susceptibility  test  (30  Hz  to  50  KHz  power  leads)  was  perfonned 
outside  the  shielded  enclosure  on  open  bench  space. 

Delay  time  (time  to  first  spark)  and  the  number  of  sparks  in  the  burst  were 
monitored  by  oscilloscc^.  j.  A miniature  accelerometer  was  installed  on  the 
Igniter  si.ield  enclosure  to  pick  up  the  spark  shock  impulse.  The  oscilloscope 
sweep  was  synchronized  to  start  at  the  moment  the  solid  state  switcli  applied 
power  to  t!;e  exciter.  Synchronized  pickup  was  by  means  of  an  RFI  current 
probe,  loaded  by  5 ohms,  claivi>cd  over  one  of  the  power  leads  to  the  exciter. 

liOw  fiequency  susceptibility  -ignal  levels  were  foimd  to  increase  the  jitter  of 
the  time  delay  to  the  first  spark.  This  occurred  mostly  in  the  fre']uency  range 
where  (he  time  per  cycle  of  the  suseoptibility  signal  either  approached  or 
exceeued  the  delay  lime.  Pages  B30  and  B30  sViow  the  delay  time  vs.  test 
signal  frequency  and  le.vcl.  Page  B32  show&  that  a variation  in  the  number  of 
sparks  per  burst  could  not  be  detected  at  any  of  the  three  DC  input  voltages 
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as  a rasalt  of  injecting  the  required  RMS  test  voltage.  Page  B33  presents 
data  to  show  the  level  at  which  the  delay  jitter  increase  could  just  be 
detected. 

4.4  Additional  Susceptibility 

Tests  were  not  performed  to  Methods  CS-02  (50  KHz  to  400  MHz  Power 
Leads),  CS-06  (Spike,  Power  Leads),  RS-02  (Magnetic  Induction  Field)  or 
RS-03  (14  KHz  to  10  GHz  Electric  Field).  These  tests  must  be  performed 
at  an  outsidt:  test  facility.  In  view  of  the  nature  of  the  test  sample  which 
works  at  high  energy  levels,  is  contained  in  a hermetrically  sealed  mag- 
netic material  case  and  is  provided  with  a high  performance  integral  power 
line  filter;  these  four  requirements  become  insignificant  and  the  performance 
of  these  tests  would  not  produce  meaningful  results  at  this  stage  of  the 
program . 

C.  0 SUMM  \RY 

The  P/N  48829  Exciter  demonstrated  that  the  requirements  for  Conducted 
EMI  (CE-03)  and  Radiated  EMI  (RE-C2)  can  be  met  in  accordance  with  the 
broadband  limits  of  MIL-STD-461A,  Notice  3,  Class  A2,  except  for  high 
levels  of  conducted  EMI  during  the  switching  transients.  The  radiated  tran- 
sients may  be  reduced  to  acceptable  levels  by  shielding  the  power  ii’^ut  wir- 
ing. Conducted  transient  levels  were  found  to  be  a function  of  the  i e of 
rise  of  the  power  applied  to  the  exciter  and  can  be  reduced  to  acceptable 
levels  by  controlled  switching  The  conducted  transients  are,  to  a degree, 
a function  of  insertion  of  the  10  mfd  feed-thru  capacitors  in  the  power  input 
leads.  These  do  not  exist  in  the  actual  installation.  The  EMI  test  of  the 
complete  subsystem  as  called  for  in  MIIi-STD-46lA,  Notice  3,  Section  4.1.1, 
thus  becomes  significant  in  importance. 

Conducted  susceptibility  at  low  frequencies  presented  some  jitter  problems. 

6. 0 RECOMMENDATIONS 

Tlie  next  phase  of  the  program  must  include  resolution  of  the  following  EMC 
areas  in  terms  of  performance  vs.  cost  conscious  design: 

1)  Can  short  duration  turn-on  transients  be  tolerated? 

2)  Is  controlled  step  function  switching  of  the  power  desirable  or 
necessary? 
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Are  the  CS-01  required  susceptibility  levels  realistic  at  low  frequen- 
cies? If  they  are,  then  the  circuit  must  bo  designed  to  produce  the 
maximum  delay  at  24  VDC  minus  the  susceptibility  voltage  and  the 
minimum  delay  at  32  volts  plus  the  susceptibility  signal.  At  30  Hz  the 
half  cycle  time  approaches  the  full  "ON"  operational  time. 


The  impact  of  MIL-STD-461A,  Space  Shuttle  Amendment  (now  in  pro- 
posed form)  on  the  present  exciter  design. 


Since  it  is  recognized  that  the  characteristics  of  the  power  switch 
have  an  effect  on  the  transient  EMI  and  that  the  10  mfd.  feed-thru 
capacitor  disturbs  the  circuit,  the  use  of  the  actual  switch,  or  simu- 
lation thereof,  between  the  10  mfd.  F.T.  capacitors  and  the  test 
specimen  should  be  considered  in  preparing  an  EMC  test  plan. 
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BACKCROUNO 

level 


RADIATED  BROADBAND  RADIO  INTERFERENCE  TEST  DATA 

fif.  p/y  SERIAL  NO.„ 

I(xx't7/0//  i^CfoO  ■ AC  - rC-(./i^ 

^/03  QflTg  TECHNICIAN  Qr 


TEM  I^KCire/?  P/a^ 
CCESSORIES 

EST  WQ--/^/^3 

URPOSE  OF  TEST. 
EST  EQUIP.  ■ .yr 
EST  CQLMP.  hy. 

NT 

MPIIT  t/  PC 


SERIAL  NO.„  O0:-*>. 



1 TECHNICIAN  6r.  



■ LAST  CAL.  7-9-/ ■> 


FUNCTION. 

SPEC./<*/^- j 


TRUE 

BACKCROUND 

LEVEL 


Aites-’/ydiij 


OB 

omt/ht 

/vtHl 

(>auc//>t 

/MMZ 

OBUE//I1 

/MHZ 

//^ 

7>‘io 

< 3i.O 

ISO 

f.g 

< 3‘/.C 

7^.0 

fl.o 

liZO 

i J3'.0 

7Z.t> 

N.S’ 

7>ns 

to. 7 

3S.7 

< 15.7 

n.o 

33,  i> 

i33,o 

i3?L3. 

^•£.3 

B.  0 

3^,0 

iSG.c 

(b7.!> 

Jir.a 

3t.O 

<3S.o 

/T.7 

&S.0 

i LAST  CAL.. 

FREQ  .RANGE 
_C0NTRACT 


niiur  ; OB  AROvc  1 micro  volt  j 
djjft j 


2' 
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TrcT  rr\iiio  ^ 

TEST  EQUIP.  rV.  jn.f  x 
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SERIAL  NO.. 
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>7?  TECHNICIAN 


X. SER.  ,33i4 LAST  CM.JXlzJji 

^ CCD  I ACT  PAI 

X SEK>  LAST  CAL,  m 

■ FUNCTION  FREQ  . RANGE  J 

S PEC. /I'M CON  TRACT 


lAACl'C.  ROUND 
LEVEL 


I true  true 

BACKGROUND  SAMPLE 
LEVEL  LEVEL 


dbue//»e  oauc//'i 

I /MHZ /MHZ  

5V.  0 6 3^.  c 

^’A-kjiSJL 

4-/Z.0 

V/.7  < V/.7 


Hop 


^/-7  V/.7 


./2_. 


! r?w.y'  p <//.y 

/■  7 7 g f.:>~  |l  V^J- 


ODUE//n 

/mh2 

C-^.oc 

67.Z0 

(^9.ee 

no.i 

JLUA. 

.2Sd!L. 

_2£LL_ 

?r.^ 





. _jlX3__ i V7./;  I <7 
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